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Abstract 
In this thesis several aspects of Marker Assisted Introgression (MAI) are investigated, keeping 
in mind the application of the methods to pig breeding. During the process of introgression of 
a desirable gene from a donor population into a recipient population, markers were used to 
identify the gene of interest as well as the background genome. 
The first part of this study deals with consequences of using markers of which the alleles could 
occur in both base populations. The effects were studied over five generations of backcrossing. 
Using a marker bracket was a much more reliable way to identify the introgressed allele than 
using a single marker. Applying selection on background (recipient) genotype gave a rapid 
decrease in the frequency of the introgressed allele, even when the marker alleles were nearly 
unique to the base populations. Selection on the probability of presence of the desired trait allele 
while-giving preference to heterozygotes (that produce informative gametes that can more often 
be traced to the correct parent) gave a better retention of the introgressed allele. If possible it 
would be better to preselect each parental pair on uniqueness of their marker alleles. 
The second part of the thesis deals with fine mapping a QTL during its introgressing. First a tool 
was developed to measure the accuracy of the QTh position estimate and then different selection 
strategies were compared with respect to their ability to map the QTL as precisely as possible, 
their ability to rapidly recover the background (recipient) genotype and their ability to retain the 
desired QTL allele. A dense map of fully informative markers was assumed. 
As a measure of the accuracy of the QTL position estimate, the confidence interval was used. At 
each marker locus an F-test for presence of the QTL was carried out. A test for QTL position was 
derived by calculating the difference between the F-value at the proposed QTL position and the 
maximum F-value over all loci. Then the difference ('drop') was needed to include the true QTL 
position in 95% of the obtained confidence intervals over 1000 replicates in a BC, population 
was empirically determined. When the number of recombinations between markers increased (by 
using more animals) or the QTL effect increased, the required drop became smaller and with that 
the confidence interval decreased. The drop never reached an asymptotic value. 
The 'drop' method developed for determining the confidence interval was used in the 
comparison of five selection strategies applied over five generations of backcrossing. Phenotvpic 
and marker data were accumulated over generations. Selection strategies that did not encourage 
recombination within the confidence interval were not successful in improving the accuracy of 
the QTL position estimate more than could be expected based on the increased number of 
individuals. Strategies that stimulated recombination within the confidence interval gave 
substantial improvement and also gave a good recovery of the background genotype. Only one 
method often gave a loss of the inirogressed allele; for most methods, updating the QTL position 
estimate in every generation, assured that selection of non-carriers was corrected in a later 
generation. 
Some of the simulations used modelled an idealised situation, nonetheless, the conclusions 
provide valuable information for current pig breeding practice. Furthermore, the rapid 
development of marker technology and maps means the methods can probably be applied in the 
near future with relatively minor modifications. 
VIII 
1 	Introduction 
Over recent years a lot of effort has been made to find the genes that explain some of the variance 
that can be observed in plant and animal species. This is not only of academic importance; 
information on genotype can also be of use in making selection decisions in order to improve a 
population. In livestock species, some successes have been reported in mapping loci that 
influence economically important traits, e.g. the estrogen receptor locus, which is associated with 
a major gene influencing litter size in pigs (Rothschild el al. 1996), or loci controlling milk 
production traits (Georges et al. 1995). 
Having mapped a locus with a substantial effect on the trait of interest, there are two different 
ways of utilising this information. It can be used to improve the accuracy of selection within the 
population (an approach mainly investigated in dairy cattle), or the locus can be transferred from 
the population in which it was found (the 'donor' population) to another 'recipient' population. 
In this thesis the focus is on the latter method of using mapping information. 
Several different aspects of introgression were investigated. It was assumed that only one gene 
was to be introgressed into the recipient population, while all the other genes from the donor 
population were to be removed in the final product, the breed or line enhanced by the 
introgressed allele. This is commonly done by several generations of backcrossing to the 
recipient population, during which the background donor alleles are gradually removed and 
replaced by recipient alleles, followed by an intercrossing phase, during which the introgressed 
allele is fixed in the newly created line. If there are many genes of interest present in the donor 
population, a crossbreeding scheme would be more appropriate than an introgression scheme. 
The introduction of a foreign gene in a commercial population is useful only if the effect is large 
enough to make economic sense. Introgression causes a genetic lag in the crossbred population 
compared to the purebred recipient population, due to the introduction of inferior donor genes 
and the decreased selection pressure on production traits. The more efficient the selection in the 
purebred population is, the greater the lag will be (Gama et al. 1992). 
The success of an introgression programme will depend on the ability to distinguish between 
donor and recipient alleles. This is of importance for the introgressed gene as well as for the 
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background genes. It is often assumed that the introgressed gene can be identified in a direct 
manner, either by phenotypic observation or in a molecular way. Several studies have looked at 
the efficiency of the use of genetic markers, rather than phenotypic selection, to recover the 
background genotype (e.g. Hospital et at. 1992, Hillel et at. 1990, Groen and Smith 1995. 
Visscher et at. 1996). Of those, only Visscher et at. (1996) used markers to identify the 
inirogressed gene. Markers were shown to be very valuable in reducing the donor region around 
the introgressed gene (the so-called linkage drag), as well as in eliminating donor alleles on other 
chromosomes. 
When there is no direct identification of the introgressed gene, the reduction of the linkage drag 
will depend on the precision of the location estimate of the introgressed gene. An imprecisely 
mapped gene can be identified only by a relatively wide marker bracket, implying that within this 
bracket no further recovery of the recipient genome can be achieved. This is not the only reason 
for being interested in locating the gene of interest as precisely as possible. In applications where 
the gene is targeted at a molecular level, as in positional cloning, knowing the exact location is 
even more essential. 
The precision of the location estimate is usually measured by the confidence interval. There has 
been some debate if the traditional method to determine the confidence interval (as described by 
Lander and Botstein (1989)) is always appropriate, and several authors have since then proposed 
other approaches (e.g. Mangin et at. 1994, Visscher et at. 1996b). 
Introgression programmes do not only benefit from a better position estimate, but can also be 
used to obtain it. Tanksley and Nelson (1996) mention as benefits of using a backcrossing 
scheme to map a gene not only time gain (the line enhanced by the introgressed gene is produced 
while the gene is mapped at the same time), but also an improved estimate of the gene effect 
(because there is no interaction with background donor genes in the backcrossed individuals). 
Introgression lines have been successfully applied in plants (Eshed and Zamir 1995). This 
approach might also be suitable for application in mice, but will be too expensive in livestock 
species. 
Rather than developing several lines and then selecting the line that contains the gene of interest, 
selection can be applied in all subsequent backcross generations. Individuals without the desired 
allele can then be discarded immediately, and in the final population the percentage of carriers 
will be relatively high. This approach seems to be more suitable for livestock species and has 
been investigated in this thesis. 
Aims 
This work has been initiated from a livestock breeding perspective, and although several 
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simplifications had to be made that might currently give the results more relevance to a plant 
breeding situation, the developed theory is not species-dependent. In the General Discussion 
(Chapter 8) the applicability to pig breeding practice is discussed. 
The main aims of this study were: 
To investigate selection strategies in marker assisted introgression that can deal best 
with markers that are not unique to the base populations, and are used to identify the 
introgressed gene as well as the background. The main factor of interest was the 
retention of the introgressed allele. 
To investigate selection strategies in marker assisted introgression that can integrate 
gene mapping with an effective introgression programme. Effectiveness was taken to be 
the ability to retain the introgressed allele and the ability to recover the background 
genotype. The strategies were compared with respect to the improvement in accuracy of 
the gene position estimate (measured by means of the confidence interval, calculated in 





Most variation in traits of animals and plants is to a greater or lesser extent controlled by genes. 
Discovering more about which genes are involved in the control of which traits is not only of 
academic interest, but is also extremely useful from a practical point of view. Direct knowledge 
about the genotype can be used to aid selection decisions in several ways. Because the genotype 
is not clouded by environmental effects, breeding value estimates can be much more accurate, 
and the accuracy only depends on the accuracy with which the genotype can be observed. Also, 
the genotype can be observed at any age and in any sex, potentially speeding up the genetic 
progress made in a selection programme. 
For practical reasons, it will often be very difficult to identify the functional gene that (partially) 
controls a trait (even a genetic distance of 1 cM might still be equivalent to one million base 
pairs of DNA or hundreds of genes (Smith and Smith 1993)), and it might be easier to detect 
markers that are located close to the gene instead. Knowledge of those genetic markers still has 
the advantages mentioned above, but a drawback is that the marker information is an indirect 
measure of the genotype for the trait of interest, just as phenotypic information is. 
Recombination between a marker and the functional gene can decrease the accuracy of the 
breeding value estimate, just as environmental effects can decrease the accuracy of the 
'traditional' breeding value estimate. 
The ultimate aim of mapping efforts is to find the functional genes themselves, but until this has 
been achieved, identifying and using new markers increasingly close to the genes of interest is 
a good alternative method for improving the accuracy of selection, a method which will also 
help to eventually identify those genes of interest. 
This literature review will start with a short overview of which markers are available and what 
type of maps can be produced. The function of recombination in relation to mapping will be 
explained and some attention will be paid to map distance and map length. Some results of 
mapping efforts in pigs will be mentioned after this. Then the review will focus more closely 
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the issues explored in this thesis. First an overview will be given of work that has been done on 
marker assisted introgression (MAI), reporting the assumptions that were made and the 
consequences for the conclusions that were drawn. Some special attention will be paid to 
identifying the source of alleles (from which population the alleles originate). This will be 
followed by a section on different methods of QTL mapping, because tests for presence of a QTL 
are intimately related to tests for QTL position. Then it will be described how the QTL position 
has been estimated before and what the problems were with those methods, followed by a short 
review of previous studies aimed at fine mapping QTL. 
In the following chapters of this thesis, the knowledge of those earlier studies will be used as a 
basis for the analysis carried out to fulfil the aims described in Chapter 1. 
Genome mapping 
Genetic markers 
It was as early as 1923 when Sax showed that genetic markers can be used to identify genetic 
factors underlying quantitative waits. This work was slow to be followed up in livestock species, 
and earls' work mainly used enzyme, protein or blood group polymorphisms as genetic markers. 
The relatively small number of available markers and the poor design of the experiments made 
them not very successful in detecting QTL (Bovenhuis et at. 1996). This does not mean that 
those types of markers are useless; more recently Bovenhuis and Weller (1994) used milk protein 
genes as genetic markers and found significant effects on milk production traits. 
Since the early days of QTL mapping a lot of work has been done to find markers that are more 
plentiful and give a better coverage of the genome. Genetic markers are not necessarily, and 
usually are not, functional genes, but more commonly DNA polymorphisms without any known 
function. The differences in DNA sequence at one such locus produce allelic variants of a gene, 
which can be used as markers for gene mapping. Polymorphisms can be made visible because 
elements of different length result in different migration during electrophoresis which is visible 
as a different banding pattern. Those types of markers are for example (Ott 1991): RFLPs 
(restriction fragment length polymorphisms), \TNTRS (variable number of tandem repeats) or 
minisatellites (multiple occurrences of very short sequences), and microsatellites (multiple 
occurrences of ultra short sequences: one, two or more DNA-bases, with the different alleles 
having different numbers of the repeated sequence). 
RFLPs have several drawbacks: identifying and mapping a marker is rather expensive and 
labour- and time-consuming and RFLPs are often not very polymorphic. Minisatellites are often 
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much more polymorphic. They produce so-called DNA-fingerprints; a banding pattern shown 
after electrophoresis that is virtually unique to an individual. Drawbacks of using minisatellites 
are that it can be very difficult to assign bands to an allelic pair, because often only one of the 
alleles in an individual produces a resolvable band, and loci might not be uniformly distributed 
over the genome (Haley, 1991). Microsatellites are abundant (e.g. about 65000 to 100000 loci 
on the pig genome (Archibald et al. 1995)), have fairly high polymorphism rates (Rohrer et al. 
1994 report an average number of alleles across all microsatellites of 5.8) and can be assayed by 
PCR (polymerase chain reaction) reducing the cost and allowing for a greater degree of 
automation (Brascamp et al. 1995). Those qualities make them extremely useful for current 
mapping studies in livestock species. 
The usefulness of a category of markers overall depends on the practicalities of the mapping 
process (time, labour, costs), on polymorphism rates heterozygosity) and the marker density and 
coverage of the genome. Heterozygosity is usually lower in a single breed than in a crossed 
population, e.g. heterozygosity on microsatellite loci in pigs varies from ca. 55% (Western breed) 
to 85% (Chinese * Western cross). A lower heterozygosity requires a higher marker density, for 
example ca. 620 markers would be needed to cover the whole genome of a pig from a very 
diverse cross, but 880 would be needed for a highly selected Western breed (Beattie 1994, Rohrer 
et al. 1994). When the marker density is variable over the genome, so markers are not evenly 
spaced over the genome (or their positions are unknown), the potential gains of using markers 
in the selection process are less than for using the same number of equally spaced markers at 
known positions (Hospital et al. 1992). 
Physical and linkage maps 
A genome map reflects the ordering of markers and (functional) genes on the genome of an 
organism. Two types of maps can be distinguished: the physical and the linkage map (Beattie 
1994). Physical maps contain real-life positions of DNA-elements (often genes with a known 
gene product or function), and distances between elements are measured in number of base pairs 
(bp). In case of genetic linkage maps, elements are not physically linked to a certain string of 
base pairs on a chromosome, but the order of the elements can be determined by the 
recombination rates between them (the further away, the higher the chance of crossing over 
taking place, the higher the recombination rate). The two maps can be aligned if some of the 
elements of the linkage map are also present on the physical map (e.g. functional genes). 
When a genetic linkage map is used, the map distance is measured in Morgans, one Morgan 
being the distance in which one crossover is expected to occur on a single chromosome strand 
(chromatid) between two markers. The genetic distance in Morgans can be calculated from the 
recombination rate by means of a mapping function. Morgan's map function assumes a linear 
relationship between distance and recombination rate, which is a reasonable assumption when 
the recombination rate is lower than 0.1. For higher values the recombination rate is no longer 
additive because of double recombination, so other mapping functions have been proposed that 
account for this. Haldane's mapping function calculates the distance x as follows (Haldane 1919): 
x=-'/ln(1-2r) or 	r=(I-exp(-2I4)) 
where r is the recombination rate. This mapping function assumes no interference between loci 
(so recombination events are independent). Another well known mapping function, which does 
allow for interference (making recombination events no longer independent), is Kosambi's map 
function: 
x = '/ in( (1 +2r) I(]-2r)) 	or 	r = 4 ((exp(4x) - I) / (exp(4x) + 1)) 
(Ott 1991). 
To further improve the genetic map in a species, one can make use of information available from 
another species,-which might have a far more dense and further developed map (e.g. for mapping 
in pigs one can look for similarities in mice and humans). A mapped gene producing a known 
useful gene product in one species can act as a candidate gene in -another species. The similarity 
amongst mammalian species, or synteny, can be remarkably high according to Georges and 
Andersson (1996). 
Mapping in pi gs 
Genome mapping studies are far more advanced in humans and mice than in livestock species. 
Of all livestock species, pigs are one of the best adapted for mapping studies, because pigs have 
a relatively short generation interval and gestation period, large litters and relatively few 
chromosomes (Archibald et al. 1995). An added benefit of pigs is that they form a good model 
for human diseases; both are relatively hairless omnivores, and integument, cardiovascular and 
gastrointestinal physiology are similar. 
Several laboratories are working on a genetic map of the porcine genome. In the PiGMaP-project, 
information from 14 laboratories in Europe using several different reference families, is pooled 
together to result in a consensus map (Archibald et al. 1995). A consensus map can increase the 
resolution within groups of linked markers and it increases the chance that markers that, based 
on information from only one laboratory, could not be placed in a linkage group can now be 
mapped on the right chromosome (Beattie 1994). The PiGMaP-project resulted in 239 markers, 
of which 80 corresponded to functional genes, assigned to 16 Out of the 18 pairs of autosomes 
normally present inthe pig. From this an average map length of 1837 cM was estimated(2 1.5 M 
for females, 16.5 M for males), giving an average marker interval over the genome of 11 cM 
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(Archibald eral. 1995). A similar exercise carried out by the USDA resulted in 383 markers (of 
which 376 were microsatellites) divided over 23 linkage groups and assigned to 13 autosomes 
and the X-chromosome. A total average map length of 1997 cM was estimated, giving an average 
marker interval of 5.5 cM (Rohrer et al. 1994). More recently the USDA-group published an 
improved comprehensive map of the porcine genome (Rohrer et al. 1996), consisting of 1042 
linked marker loci and spanning 2286 c (giving an average marker interval of 2.2 cM), divided 
into 19 linkage groups, consistent with 18 pairs of autosomes and one pair of sex chromosomes. 
Fourteen of those linkage groups span the entire length of a chromosome; the incomplete 
coverage of the other chromosomes gives rise to the expectation that the total map length of the 
pig will be slightly higher; around 2500 cM. This expectation was supported by Markiund et al. 
(1996), who published the second Nordic map, including 236 linked markers and giving a total 
sex average map length of 2300 cM, also covering nearly all parts of the pig genome. 
The genetic map length in pigs is relatively low compared with other species, which implies a 
relatively low recombination rate (Ellegren et al. 1994). This means relatively few markers are 
needed to obtain a saturated map, which is needed to make the best use of markers in selection 
schemes as possible. However, the recombination rate varies enormously between and within 
chromosomes. Rohrer et al. (1996) found that the recombination rate was higher for short 
chromosome arms compared with the long arms, and more recombination occurred in telomeric 
regions than in pericentric regions. Markiund et al. (1996) found a large difference between 
males and females; recombination rates were significantly higher in females. This means that the 
relationship between physical and genetic linkage map length is not straightforward. 
One of the first genes influencing meat production and meat quality traits that has been identified 
in pigs is the halothane gene. It causes differences in a lot more traits then halothane 
susceptibility, and although the gene has been known for many years it is only quite recently that 
the difference between the alleles causing susceptibility or non-susceptibility has been found 
(Brascamp et al. 1995). Another example of a gene causing differences in meat quality is the RN-
locus (Milan et al. 1995). Also, a 40 cM region on chromosome 4 has been identified as 
accounting for a significant proportion of the genetic variation in the quantitative traits growth, 
fatness and length of the small intestine (Andersson etal. 1994). 
Rothschild et al. (1996) reported a major gene for litter size connected with the Estrogen 
Receptor gene. The ESR-allele found in the Meishan population seemed to be significantly 
associated with higher litter size and acted in a dominant way, but showed no significant 
pleiotropic effects on growth or backfat. 
Often crosses between lines that are very different for the trait are used to find an association 
between a genetic marker and a difference in performance level for the trait of interest. The ESR- 
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gene was found by crossing the Meishan breed with Western pigs, and in this way markers have 
been found associated with growth rate, backfat and abdominal fat percentage as well (Brascamp 
et al. 1995). Also, using data from a cross between Chinese Meishan pigs and Western pig breeds 
(Large White and Landrace), a major gene was found for percentage intramuscular fat (Janss et 
at. 1994, Van Arendonk et at. 1994). This was done using segregation analysis, which is a 
method of searching for a major gene without using any marker information; one tries to prove 
that the existing variance in a pedigree of a very divergent cross can be explained at least 
partially by a major gene (e.g. Knott et at. 1992). Although this method is less powerful than 
association studies and can also detect spurious major genes, if a true major gene is found in this 
way, it will nearly always be found in a following association study as well (Brascamp et at. 
1995). 
Introgressing a QTL 
Marker assisted introgression 
Once a QTL that has a favourable effect on a production trait has been detected, there are 
different ways of using this information. If one is only interested in the QTL and not in the rest 
of the genome, and the effect is large enough to make it economically worthwhile, introgression 
of the QTL into a commercial line will be the method of choice. Physically taking out the QTL 
and adding it to the genome of the commercial line, so creating a transgenic individual, is 
technically and economically usually not an option, because at present production of transgenic 
animals is very expensive, risky and has a low success rate. However, when one successful 
transgenic individual is produced this individual can be used in an crossbreeding programme in 
order to fix the transgene in the commercial population (Gama etal. 1992). 
Introgression of a gene does not need to involve transgenes, but can also involve the transfer of 
a valuable gene from a 'wild type' or 'land race' population into a recipient population. First the 
donor line providing the gene to be introgressed is crossed with the recipient population, and by 
recurrent backcrossing to the recipient line, the quantity of donor genome in the backcross 
population is gradually decreased, while retaining the valuable donor gene. To make the donor 
allele homozygous in the newly created line, the backcrossing stage will be followed by one or 
more generations of intercrossing, aimed at fixing the introgressed gene in the population. 
Markers can aid the introgression process in two ways. First, by providing a tool to distinguish 
the valuable QTL allele from the undesirable allele from the recipient population, in cases where 
the QTL genotype cannot be observed directly. Second, by making it possible to distinguish 
S 
between donor and recipient genome segments at the other loci (the background genotype). It 
has been shown that even after a great number of backcross generations, the quantity of donor 
genome in the backcrossed lines is very variable (Hill 1993) and can still be very large, when no 
markers are used (Stam and Zeven, 1981, Young and Tankslev 1989). The use of markers can 
reduce the so-called linkage drag substantially, and reduce the number of backcross generations 
that are needed for a sufficient recovery of the recipient genome by one or two generations 
compared with phenotypic or random selection (Visscher et al. 1996a). To most efficiently 
reduce the length of the donor segment, more distal markers should be used in early backcross 
generations, while only later does use of closer markers become more efficient (Hospital etal. 
1992). It seems optimal to give preference to selection of proximal recombinants as soon as they 
arise, but not ignoring more distal recombinations, particularly in small populations. 
Successful introessions 
Introgression schemes have been used for a long time in plant breeding to improve existing 
commercial crop varieties. Some of those introgression lines have since been tested for the 
quantity of donor genome still present on the genome using genetic markers, showing that 
traditional introgression (without markers) is not always successful in recovering the background 
genome (Young and Tanksley 1989, Chetelat etal. 1995). 
In livestock species introgression has been less widely used, although there are some examples 
in sheep (the Booroola gene for increased fecundity) and pigs (the halothane gene influencing 
meat quality; e.g. in the Pietrain breed (Hanset et al. 1995)). Currently the pig industry is 
interested in introgressing genes for fertility traits from the Chinese Meishan breed into a 
commercial Large White or Landrace population (Mercer and Hoste 1994). The Meishan is quite 
different from Western breeds in that it has 3 to 5 more piglets born alive per litter, has more 
teats to rear them, reaches maturity 60 to 90 days sooner, but has 20% less lean content, a growth 
rate up to conventional slaughter age which is 25 to 30% slower and a food conversion ratio 0.8 
to 1.0 lower than the European Large White. Mercer and Hoste (1994) considered introgression 
of Meishan genes into the commercial population not (yet) to be an option, but present several 
crossbreeding strategies in order to make use of the Meishan genes. 
Hillel etal. (1993) investigated several theoretical strategies to introgress a gene from a single 
carrier animal into a commercial poultry flock, using DNA fingerprinting to speed up the 
recovery of the commercial stock genome. The approach was then tested by Yancovich et at. 
(1996). They introgressed the avian naked neck gene from a layer line into a broiler line, and 
compared the recovery of the broiler genome obtained by selection using DNA fingerprints with 
that obtained by selection on body weight. The resulting backcrossed animals had similar 
still 
phenotypic performance for both selection methods, and the increase in band sharing between 
the backcrossed individuals and the broiler parents was in agreement with the theory of Hillel 
et al. (1993). However, this does not necessarily mean that the individuals resulting from the two 
selection methods have the same genetic make-up. 
Complications 
There are a number of complications that might make the application of marker assisted 
introgression less appealing. To make introgression work, the gene to be introgressed must have 
a transferrable effect; it not only needs to have a worthwhile effect in the donor population, but 
also in the very different genetic background of the recipient population. Epistatic effects can 
make it very difficult to establish the true, independent effect of the single QTL of interest (as 
opposed to the QTL effect in presence of interactions with other genes) within the donor 
population. Tanksley and Nelson (1996) therefore suggested to analyse the QTL effect in an 
advanced backcross population, where epistatic effects between the QTL and other donor genes 
are vastly reduced and the QTL shows the effect in the genetic background it will ultimately be 
used in. - - 
In many cases the donor population will possess more than one gene that can be of particular 
benefit to the improvement of the recipient population. Smith and Smith (1993) suggest a 
number of loci between 1 and 10 as the most likely number of major loci (having a significantly 
detectable effect) affecting one economic trait. Introgressing multiple QTL will complicate the 
selection process, more QTL need to be identified (either by reliable markers or directly) and a 
more broken up background genome needs to be recovered (so more recombinations are needed). 
With many QTL, we can no longer speak of marker assisted introgression (MAT), and marker 
assisted selection (MAS) is more appropriate. Groen and Smith (1995) have shown that selection 
on genomic similarity to accelerate the recovery of the recipient genome is suboptimal when the 
donor population has many QTL other than the introgressed QTL that have a positive influence 
on the performance for the trait of interest. A MAS-approach that uses the phenotypic values 
caused by multiple loci and the marker information on loci of known importance is then more 
suitable. 
Another drawback of introgression is that it causes a genetic lag, as mentioned in the 
introduction. By repeatedly backcrossing the crossbred population to the recipient population, 
the crossbreds can be nearly brought up to the standard of the recipient population again, but 
during the introgression process the selection on retaining the introgressed allele will reduce the 
selection pressure on other traits. Gama et al. (1992) analysed a number of selection strategies 
of introgressing a transgene into a pig population, and investigated how large the effect of the 
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transgene needs to be to make up for the genetic lag. For a heritability of the transgene effect of 
0.10 and while using their optimum strategy, the transgene needed to have an effect on net merit 
of at least 0.3 times the phenotypic standard deviation; for a heritability of 0.40 the effect needed 
to be at least 1 standard deviation. The values depended on the efficiency of the phenotypic 
selection; if BLUP was used, the transgene effect would need to be even higher. 
Reliability of the markers 
A major factor that can complicate the application of MAT is the reliability of the markers. In 
most studies the introgressed allele could be fully identified without the assistance of markers 
(Hillel et al. 1990, 1993; Hospital et al. 1992; Groen and Smith 1995; Yancovich et at. 1996), 
ignoring possible problems caused by incomplete identification. Visscher et at. (1996a) used a 
pair of flanking markers to identify the introgressed allele, but marker alleles were unique to the 
alternative parental populations. As long as the flanking markers are close to the introgressed 
gene, the chances of a double recombination around the gene, within the marker bracket, are very 
small, so diminishing the problems in the identification of the introgressed allele. 
The reliability of the markers used to identify the background genome depends on the density 
and coverage of the genome and on their allele frequencies in the base populations. A very sparse 
map will increase the chance of recombination and make the marker information less reliable. 
Hospital et at. (1992) considered using two markers on each non-carrier chromosome, at 20 cM 
distance from both telomeric ends (each chromosome was 100 cM long), to be optimal. Using 
more than 3 markers per 100 cM had low efficiency, except in later generations when the genome 
is more broken up by recombination, but then the recipient genome was almost recovered 
anywaY. Visscher (1996) found Ca. 27 to 28 cM from the telomenc ends to be an optimal 
position. He also surprisingly found that a single marker in the middle of a chromosome is even 
more informative than 2 markers at the chromosome ends; this one marker explains more of the 
variance in genomic background in a backcrossed animal. 
Hillel etal. (1990) ignored any recombination around marker loci, and assumed that the number 
of independent marker loci from the donor population is equivalent to the proportion of the 
genome inherited from the donor population. This makes the results of this study not very 
realistic, as pointed out by Visscher and Haley (1995), Visscher etal. (I 996a) and Hospital et 
at. (1992). Hillel et at. (1990) used DNA-fingerprints to identify the source of the background 
genome. With this technique, all individuals show their own specific DNA-band pattern, but 
individuals from the same population will show a stronger similarity than individuals from 
different populations. Tixier-Boichard et at. (1996) have shown that the similarity within 
selection lines in chickens is extremely high, but can still be very high between selection lines 
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within the same breed, making them more difficult to distinguish. Hillel et at. (1990) selected 
the backcrossed animals on genomic similarity with the recipient population. 
Minisatellites have the second drawback that often only one of the alleles at a locus can be 
identified on the gel. Microsatellites do not have this problem and also have a fairly high 
heterozvgosity (less chance of finding the same alleles in both base populations). However, the 
same problem occurs as in minisatellites, i.e. that a smaller genetic distance between the 
populations gives a greater number of loci shared by the populations (as shown in pig breeds by 
Van Zeveren et at. 1995). 
The study of Groen and Smith (1995) is the only one of the studies mentioned above addressing 
the problem of marker alleles not being unique to the different base populations by simulating 
a situation in which 20% of the marker loci in the donor population contained the same 'positive' 
allele as in 100% of the recipient population. This means the marker is less informative, but in 
their study the markers only explain a relatively small amount of the variance between the lines, 
so this is not very surprising. 
Estimating QTL position 
Design of mapping studies 
Once evidence has been found for the existence of a QTL, one can try estimating the position of 
this QTL. The evidence for presence of a QTL can be the detection of linkage disequilibrium 
between a genetic marker and the QTL. Such associations can be studied using different designs. 
Commonly used is a first backcross or an F 2 population produced from either two inbred lines 
(mainly in plant breeding) or two outbred lines from a very different genetic background (more 
common in livestock species, where inbred lines are usually not available). The phenotypic 
performance of the individuals is compared between groups with different marker genotypes. 
Completely inbred lines have the advantage that all F 1 individuals are heterozygous for the 
marker as well as the QTL, so there is complete linkage disequilibrium between the marker and 
the QTL, and there are only two marker and two QTL alleles in the experiment, at equal 
frequencies (Bovenhuis et al. 1996). 
As an alternative to setting up a crossbreeding experiment, information from an existing outcross 
population can be used for mapping purposes. Linkage disequilibrium in this population can be 
found within families, due to the cosegregation of the marker and the QTL. Particularly for dairy 
cattle, several studies have been carried out using information from paternal half-sib families, 
using the 'daughter design' or the 'granddaughter design' (Soller 1990, Georges et at. 1995). The 
- 13 - 
principle is that daughters of a heterozygous sire can be divided into two production groups 
based on their phenotypic performance, due to the inheritance of the alternative QTL alleles. In 
case of the daughter design, a great number of daughters needs to genotyped and have their 
performance measured, in case of the granddaughter design the sons of a proven sire are 
genotyped and their daughters are evaluated for the quantitative trait. Although there are many 
unknown factors in this design (allele frequencies, marker genotypes of individuals that are not 
typed, linkage phase of the (grand) sire), it gives the opportunity to do mapping studies in 
species where setting up crossbreeding experiments is not practically feasible. 
Analysis of association studies 
To find evidence for the presence of a QTL, one can search for an association of the QTL with 
either one (the nearest) marker, or with surrounding markers. When a single marker approach is 
chosen, for every marker a test has to be carried out to see if the phenotypic differences between 
the groups with the same marker genotype are significant. For this an F-test can be used, 
commonly used in an analysis of variance, but this does not give the possibility to distinguish 
between a larger QTL effect further away from the marker and a smaller QTL effect closer to the 
marker. 
The use of a marker bracket and testing for the presence of a QTL in the interval between the 
markers (interval mapping) can give an estimate of QTL position (Knott and Haley 1992). When 
using a likelihood approach, as described by Lander and Botstein (1989), the likelihood has to 
be calculated at all loci between the two flanking markers using the phenotypic information, the 
marker genotype and the recombination frequency between the markers and the tested locus 
(from which the probability of the possible QTL genotypes can be calculated). The likelihood 
is then maximised with respect to e £ { 0 Pp P 02r}, where Pq  is the mean performance for QTL 
genotype q e {O, 1, 2}. The likelihood of p o = p I = p , = , (no difference between the QTL 
genotypes, so no QTL is segregating) is then tested against the alternative hypothesis that the 
means are not equal to the population mean, using the likelihood ratio test statistic which is 
transformed into a so-called LOD score (LOD = log of odds): 
LQL 0, hi , 1.12, 02; xi,x2, ... ,xN) 




where a and o2, are the population variance and the residual variance, respectively, and x 1 to 
x. are the phenotypic observations of the N individuals (Van Ooijen 1992). The main drawback 
of this method is that maximising the likelihood is computationally demanding, particularly for 
outbred lines. For all methods holds that the power of detection decreases with increasing 
distance between the marker and the QTL (Van Ooijen 1992). 
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A method that demands a lot less computer resources is based on a regression type of analysis 
and was proposed by Haley and Knott (1992). When using only a single marker, this approach 
is equivalent to an analysis of variance, and no QTL position estimate can be obtained, but when 
using marker brackets such an estimate can be obtained. Regression of phenotypes is on the 
probability of an individual having a certain QTL genotype, given the genotypes of the flanking 
markers, not on the marker genotypes themselves. By testing loci between markers, the most 
likely QTL position can be determined as being the locus with the smallest residual sum of 
squares. Haley and Knott (1992) have shown that this method gives virtually the same results 
as the maximum likelihood approach. 
As Haley and Knott (1992) pointed out, those methods are developed to test the presence of a 
single QTL, and need to be adjusted when multiple QTL are to be mapped. Jansen (1993) and 
Zeng (1994) proposed methods for multiple QTL mapping aiming at reducing the variation 
caused by QTL at other parts of the genome, to increase the probability of detecting a QTL in the 
region of interest. Jansen et al. (1995) showed that their multiple QTL mapping approach has 
clear advantages over the traditional interval mapping approach in the detection and mapping 
of multiple genes underlying quantitative traits, especially when genotype-by-environment 
- interaction plays a role. 
Whittaker et at. (1996) showed that the regression approached mentioned above (regression of 
phenotype on probability of an individual having a QTL genotype) could be simplified to 
regression of phenotype on marker-type, which removes the need for a numerical search 
procedure to find the correct position within the marker interval. Their method also allows for 
multiple QTL to be mapped within a single regression, as long as the QTL are isolated (there is 
at most one QTL in the studied interval and no QTL are present in the flanking intervals). 
Deriving the OTL position from the test for OTL presence 
Often the test statistic that is used to test the evidence of presence of the QTL is also used to 
construct a confidence interval for the QTL location. Lander and Botstein (1989), who used 
interval mapping with a maximum likelihood approach, stated that under H 0 (which is that the 
position under study is the real QTL position) the LOD is asymptotically distributed as (V2 log 10 
e)X 2, where x2 denotes the X2-distnbution with 1 degree of freedom (for a single estimated QTL 
effect, as in backcrosses). The maximum likelihood estimator of QTL position is the point on the 
map for which the test value has its maximum value. To approximate a confidence interval of 
QTL position, Lander and Botstein (1989) used a drop in LOD of 1; they took 2 positions to the 
left and right of the QTL that had a LOD 1 less than the maximum value. This means that the 
support interval spans the range of points for which the likelihood ratio is within a factor of 10 
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less than the most likely position. A LOD drop of 1 should give a confidence rate of 96.8% 
(Mangin et al. 1994). 
Several studies have shown that this method does not always give the desired level of support. 
Van Ooijen (1992) tried four values of the LOD-drop off: 0.5, 1, 2 and 3 LOD, and from the 
resulting support intervals, the percentage of replicates for which the interval enclosed the QTL 
and the length of the interval were determined. Only replicates with a significant QTL effect were 
included. The inclusion rate and the length of the interval depended on the number of individuals 
and the size of the QTL effect. In many cases, to achieve 95% inclusion (or confidence rate), a 
2 LOD support level was needed. For a heritability of 0.10 and a population size of 400 the 
power of detection was 1.0, so all replicates found a significant QTL effect and were used to 
determine the inclusion rate, and in that case a 1 LOD support level gave 95% inclusion; close 
to the theoretically expected 96.8%. 
Mangin et at. (1994) used a likelihood ratio test rather than LOD score test, but those tests are 
essentially the same (the likelihood ratio test uses a Naperian logarithm instead of log,,, and the 
ratio is multiplied by 2). They investigated if the assumption that the test statistic T(d0), which 
is the difference between the maximum observed likelihood ratio (sup d[R(d)],  at position d) and 
the likelihood ratio at the locus under study (R(d0), at position d0), is distributed as (V2log 10e) 2 
= °.217x 2 • The test T(d0) could also be calculated as: 
sup 	2 dLM(Y,a,I 1 , 0 ,d) 
T(d0) = 2 In 	a,,U, 
su
pa, L,O 2LM(Y,a, i,O2,do) 
where Y are the phenotypic observations, a is the difference between the two QTL genotypes in 
a first backcross population, ,u is the average of the means for the two genotypes and a 2  is the 
variance. If T(d) follows a x2 distribution with 1 degree of freedom under the null hypothesis 
(that d0  is the correct position), the (1-a) confidence interval is: d1], where d 1 (d) is the 
smallest (the greatest) value of d0 such that T(d0) is smaller than x2; X2 I . is the a quantile of 
X2 with 1 d.f. For this to hold  should be infinite and a non-null but finite. However, they show 
that for small a, the confidence interval can be very biased, because for a small a, the likelihood 
ratio test T(d) does not follow a x2  distribution when the QTL is located at d. 
Other ways of calculating a confidence interval for OTL position 
Darvasi et at. (1993) used three different methods to determine a confidence interval for QTL 
location. First, a 95% 'symmetric' confidence interval was obtained empirically from individual 
QTL map locations as found in the 1000 replicate simulations. Second, the confidence interval 
was determined as four times the empirical standard error of the map location calculated using 
the individual maximum likelihood estimates (MLE) obtained in the 1000 replicates (giving a 
WOM 
standard deviation of the MLE). Third, the confidence interval was determined as four times the 
average, over the 1000 replicates, of the standard error estimates obtained from the covariance 
matrices. The second and third method are based on the assumption that MLE are asymptotically 
normally distributed, so four times the standard error would approximate a 95% confidence 
interval. They argue that the relatively small differences between the first and second method 
supports this assumption. The third method only agrees well with the first method for small 
confidence intervals, but not for bigger ones. The explanation suggested was that the standard 
error estimate only considers the curve around the maximum; it ignores other peaks outside the 
marker interval (the profile likelihood for map location is not smooth but increases within 
intervals and drops at markers). The authors regard the first method as giving the best estimate 
of a confidence interval for map location. 
Their study was followed up by Darvasi and Soller (1997). They propose a simple and general 
expression for 'resolving power' of QTL map location, which can serve as an estimate of the 
95% confidence interval. They assumed that the QTL is located at a marker (no recombination 
between QTL and marker), and obtain an empirical symmetric confidence interval as the interval 
that included the MLE of the map location in 95% of the simulations. They argue this is 
appropriate for previously detected QTL, or if the power for QTL detection is close to 1. 0. which 
they say is true in most relevant cases. Even if the power is not close to 1.0, results based on all 
replicates should provide a close approximation to the actual confidence interval for those QTL 
which pass the significance threshold. If only using replicates giving a significant QTL effect, 
the location estimate will be more precise and the effect will be overestimated, which should be 
counterbalanced if all replicates are used. 
Based on 1000 to 10000 replicates, they propose two general expressions: 
CI=3000/(m*N*ô 2) 
where m = 1 for a first backcross population and m = 2 for an F. population; N = population size; 
6 = d+h, d = standardized (02 = 1.0) gene effect and h = dominance status (0 for a backcross). 
This expression should be valid for a gene effect between 0 and 2.0 (larger would be a Mendelian 
gene). The expected confidence interval can also be expressed in terms of v, the proportion of 
variance explained by the QTL: 
CI=530/(N*v) 
but this tends to overestimate the confidence interval for values smaller than 10 cM and gives 
underestimates for values greater than 10 cM. 
Mangin et al. (1994) also developed an alternative way of constructing a confidence interval for 
QTL location, but approached it from a very different angle. They showed that the 1 LOD drop- 
off for a likelihood approach (the 'classic' approach used by Lander and Botstein, 1989) gave 
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biased confidence intervals for small QTL effects. A requirement for the 'classic' approach is that 
the test is similar for all the nuisance parameters (u, 2,  a), so the probability of the test value 
being greater than the threshold value equals a for all the nuisance parameters. This is not the 
case for the classical procedure, so they proposed a method that finds statistics whose 
distribution does not depend on the parameter a under the null hypothesis. Their method gives 
an unbiased confidence interval, but the properties only hold asymptotically and locally. 
Visscher et at. (1996b) used bootstrapping to determine empirical confidence intervals for QTL 
location. The bootstrap method gave confidence levels closer to the desired level than the LOD-
drop off method; the proportion of the (1-a)% (90 or 95) confidence intervals that contained the 
QTL was much closer to (1-a)%. although the method seemed somewhat anti-conservative for 
the smallest heritability of 0.01. If only the replicates were used that gave a significant QTL 
effect. the confidence level was even closer to the desired level. 
Developing selection lines for fine matrnin 
Rather than improving the analysis of commonly used mapping populations like an F 2 or first 
backcross, as described in the last two paragraphs, it is also possible to set up selection lines 
especially aiming at fine mapping a gene. Darvasi and Soller (1995) proposed the development 
of advanced intercross lines. A greater number of generations increases the number of possible 
recombination events, so if first cross animals are further intercrossed for many generations, 
more different allele combinations will occur, which will aid fine mapping of a QTL. The 
increased number of recombinations at the same physical distance will increase the genetic 
distance between markers, and because the map is 'stretched' the accuracy of the QTL map 
location estimate improves, and it will also be easier to separate linked QTL effects. However, 
it also reduces the QTL effect associated with any particular marker contrast, so the power of 
detection will be decreased. The development of advanced intercross lines involves many 
generations of intercrossing, which makes it less suitable for application in livestock species than 
for plants or mice. 
Tanksley and Nelson (1996) suggested not to use advanced intercross lines, but advanced 
backcrosses. They started with an F 1 population of 500 individuals, and each individual was 
either backcrossed to the recurrent line or selfed to produce one offspring, and the process was 
repeated for five generations. They also looked at the number of individuals that would be 
needed in subsequent backcross populations to produce in the next generation at least one 
individual with a sufficiently small section of donor genome (they used four different sizes) to 
establish a NIL (nearly isogenic line). This is a line that is nearly isogenic to the recurrent 
population, but still contains a small section of the donor genome. From the nearly isogenic line 
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that contains the desired QTL, it is relatively easy to produce commercial improved inbred lines, 
which they saw as one of the great advantages of using advanced backcrosses. Another advantage 
is that the time lapse between the start of the mapping experiment and the production of a 
commercially viable crop variety or NIL is greatly decreased. Also, the QTL is mapped in the 
genetic background in which it will be used, rather than in the background of the donor line, so 
undesirable epistatic and pleiotropic effects can be identified (as mentioned before in the section 
on Introgressing a QTL). They mention as a drawback of using advanced backcrosses the 
decreased power of QTL detection. The method was tested in practice in the tomato plant 
(Tanksley et al. 1996). 
Eshed and Zamir (1995) also used backcrossing to improve the results of a mapping study in the 
tomato plant. They suggested to produce a set of introgression lines, each with a single 
chromosome segment homozygous for alleles from an uncultivated donor line and homozygous 
for alleles of the cultivated (recipient) species at the rest of the genome. Each line had a different 
donor segment,-and all segments together covered the complete genome. Each line was nearly 
isogenic for the cultivated tomato, so the step from the mapping study to the production of a new 
improved line was again small. They successfully tested their approach in field trials, and 
showed that by recombining the introgressed segment in even smaller fragments, linked QTL 
effects could be separately identified. 
Darvasi (1997) examined a similar approach to create interval-specific congenic strains (ISCS). 
Through backcrossing, different strains are produced that only differ in a pre-stated region, where 
every strain has a crossover in one of a series of small (1 cM) tandem intervals within that region. 
The pre-stated region is the confidence interval to which the QTL is already mapped. This makes 
it possible to further map the QTL in a 1 cM confidence interval. The lines of those that have the 
desired QTL allele will again be nearly isogenic to the recurrent line, and they are not very 
different from the eventually desired new variety or line. The author argues that this approach 
does not need an excessive amount of rearing, phenotyping or genotyping. 
Conclusions 
In this chapter an overview was given of work carried out by other authors related to the subject 
of this thesis. Several studies on Marker Assisted Introgression were described, but only the 
study of Visscher et al. (1996a) deals with the situation in which the identification of the 
introgressed allele depends on markers. None of the studies deal with a situation in which those 
markers are not completely unique to the alternative base populations. This problem is the 
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subject of the Chapters 3 and 4. 
In this chapter several ways of defining a confidence interval for QTL position were described, 
together with the problems related to those methods as mentioned in the literature. Defining the 
confidence interval correctly affects the ability to compare the performance of methods of fine 
mapping a QTL, which is of relevance to the Chapters 6 and 7. In those chapters several selection 
strategies are compared with respect to the improvement in accuracy of the QTL position 
estimate, and those methods are compared to the fine mapping strategies described in this 
literature review. Work reviewed in this chapter is used as the basis for the method of 
constructing a confidence interval described in Chapter 5. 
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3 	
Marker-assisted introgression using 
non-unique marker alleles I: Selection 
on presence of linked marker alleles 
Introduction 
Different breeds of plants or livestock can have different traits that make them interesting for 
commercial use. In traditional crossbreeding schemes to create a synthetic, breeds would be 
crossed and the offspring would be selected on the beneficial characteristics of all parental 
breeds. If one of the breeds has only one or a few interesting traits, ideally we would like to 
transfer only the gene(s) controlling this trait to a commercial population outperforming the first 
breed for other traits, leaving the rest of the genome, the 'background genotype', unchanged. 
Introgression of the desired gene(s) can be performed using backcrossing, where the donor breed 
(supplying the genes to be introgressed) is crossed with the (commercial) recipient breed, the 
crossbred generation is crossed with the recipient again, and so on, until most of the genome of 
the backcrossed animal descends from the recipient population, except for the introgressed genes. 
Then intercrossing can take place to make the desired alleles homozygous. 
Introgression can only be carried out effectively if it is possible to identify the descent of the 
alleles at the loci of the introgressed genes as well as for the background genotype. Recent 
progress in mapping markers, major genes and QTL (quantitative trait loci) makes this 
increasingly feasible. 
A number of earlier studies have looked into the problems and benefits of introgression using 
markers to aid recovery of the background genotype and identification of the desired alleles 
(MAI or Marker Assisted Introgression). Hillel et at. (1993) were very optimistic about the 
benefits of applying MAT in a poultry breeding scheme. They concluded that if (intensive) 
selection on background genotype was carried out using DNA-fingerprinting, only 2 generations 
of backcrossing were needed to virtually completely recover the recipient genotype (assuming 
complete identification of the introgressed allele). They treated the fingerprint markers as 
completely independent markers, and ignored their dominant character, non-random distribution 
over the genome and any recombination between chromosome segments and markers. 
Hospital et al. (1992) also assumed direct, complete identification of the introgressed gene, but 
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used a more realistic approach that did account for recombination events. They looked at 
minimising the donor segment around the introgressed gene separately from the recovery of 
recipient genome on the other chromosomes. They were less optimistic about the number of 
backcross generations needed to successfully introgress a gene and recover the background 
genotype of the recipient, depending on quality and quantity of the markers used. 
Visscher et at. (1996 a) used markers to identify the introgressed gene. They studied a gene at a 
known position as well as at a sampled position, mimicking a realistic situation where the exact 
position of the introgressed gene is not known. They assumed marker alleles to be unique to the 
alternative base populations and so fully informative in the F 1 . The predictive value of the 
markers will only become limited over generations due to recombination, whereas in real life 
markers might often start as not unique to the base populations. 
Groen & Smith (1995) did look at a situation where less informative markers were used: the 
marker allele Ml that had a frequency of 100% in the recipient population also occurred in the 
donor population, with a frequency of 20%. This means marker allele M2 is still unique to the 
donor population, so the introgressed QTL-allele is still fully identifiable in the Fl, and the 
introgression results will not be impeded. 
In most of the alternatives they showed, marker alleles used to identify introgressed allele as well 
as background genotype were fixed in the alternative base populations. However, the difference 
between the frequencies of the 'good' background QTL-alleles in donor and recipient populations 
was very small (0.7 and 0.6 respectively). This implies that the markers will hardly pick up any 
genetic variance and the within line variances are large. Therefore, their conclusion that 
phenotypic selection outperforms selection on genomic similarity is given the parameters not 
surprising. 
Gama et at. (1992) compared within line phenotypic selection (within the recipient line) with 
introgression, to determine the genetic lag caused by the introduction of an inferior animal (or 
breed) into a highly selected commercial nucleus in order to introgress a gene. The effect of the 
introgressed gene has to be bigger than the genetic lag to make the scheme profitable. Another 
reason for the lag is that selection on production traits other than influenced by the introgressed 
gene cannot be as intensive as in the purebreeding nucleus. The lag becomes bigger if the within 
line selection is based on Best Linear Unbiased Prediction (BLUP), including information on 
relatives, because the response in the purebreeding (recipient) population would be higher. 
All the studies mentioned above assumed that the introgressed allele would be easily identifiable 
by direct observation or by a marker allele unique to the donor population. This might be a good 
starting point for inirogression studies, but the consequences if this assumption is invalid should 
be examined. In this study markers are used to identify the introgressed gene (with known 
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position), of which the marker alleles are not necessarily unique to the alternative base 
populations. This introduces an extra uncertainty to the introgression process. It is assumed that 
the allele frequencies in the base populations are known, although the donor population itself 
might not be available anymore (and even if the starting frequencies in the donor population 
would be unknown a fair indication could be obtained by comparing the available crossbred and 
recipient populations). This study aims to investigate the severity of the problems the extra 
uncertainty can cause in loss of the introgressed allele, for different strategies of using the non-
unique markers. 
Models and methods 
Introgression using one closely linked marker: a 2-locus model 
In order to investigate the efficiency of a marker that is closely linked to the gene of interest, one 
can start with a very simple situation. This is a chromosome segment of a length of 1 cM, the 
gene of interest at one end and the marker locus at the other end. The trait gene is assumed to 
have a major influence on the desirable trait, that cannot be measured phenotypically at the 
moment of selection (e.g. disease resistance or fertility traits) and cannot be identified itself in 
a molecular way. 
The marker and major gene are both diallelic. The donor population is fixed for the trait-allele 
T  and the recipient population is fixed for trait-allele T2. The frequency of marker allele Al is 
p in the donor population and q in the recipient population (so the frequency of A2 is i-p in the 
donor and I-q in the recipient population). From those allele frequencies, the frequencies of 
every possible genotype in the F 1 and in the recipient population can be calculated. Then the 
gamete frequencies can be calculated, given the recombination fraction r, and from that the 
genotype frequencies in the next generation, and this is done for the following 5 generations of 
backcrossing. Assuming Haldane's mapping function the recombination rate between marker and 
trait locus will be 0.0099. 
Selection starts in the first backcross generation (BC 1 ). All the selected genotypes need to have 
either one or two copies of the marker allele with the highest frequency in the donor population 
on the marker locus. It is assumed that  is always greater than or equal to q, so Al is the marker 
allele which is most often linked with the desired trait-allele Ti. Therefore selection will be on 
Al, and all A1A1 and A1A2 genotypes, either hetero- or homozygous for the major gene (T1T2 
or T2T2), will be selected. Only the two genotypes homozygous for the alternative marker allele 
A2 (either containing no or 1 copy of the desirable major gene allele) will not be selected. 
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The sum of the genotype frequencies of genotypes having a copy of Ti gives the proportion of 
animals with the desired trait allele. Ideally this will stay at 50% over the subsequent backcross 
generations, but when p and q are not equal to I and 0 the marker will not be fully informative, 
so selection will be less efficient and the percentage will be lower than 50%. Recombination will 
make the predictive value of the marker even slightly worse in later generations. 
Starting frequencies p/q are chosen as 1.0/0.0 (fully informative marker), 0.99/0.01, 0.95/0.05, 
0.9/0.1 and 0.5/0.5 (completely uninformative marker); so apart from in the first case, both 
marker alleles can come from both populations. To investigate the effect of only one allele 
occurring in both populations, the percentage of animals having a copy of Ti in backcross 
generation 5 is calculated for a starting frequency p of 1, with q varying between 0 (fully 
informative) and 1 (completely uninformative). 
Selection on heterozygosily 
Selecting individuals with at least one copy of marker allele Al means that marker homozygotes 
as well as heterozygotes are selected. One of the copies of the marker allele always comes from 
the recipient parent, so half of the gametes of the homozygous (AlA 1) animals will be 'false 
positive'. To avoid the production of false positives an extra selection criterion can be added in 
the form of heterozygosity at the marker locus. 
This strategy has been investigated for the single marker case with a p and q of 0.9 and 0. 1, again 
over 5 generations of backcrossing. Only animals heterozygous for the marker were selected 
from BC, onwards. If F 1 animals were typed they could be selected for heterozygosity on the 
marker locus as well, so retention of the introgressed trait allele for heterozygosity-selection 
started in the F 1 was also investigated. 
1ntroression using one or two markers: a stochastic annroach 
To study more complicated situations a stochastic simulation was carried out. For every animal 
a genome was simulated, consisting of one chromosome with a number of loci 1 cM apart. One 
of the loci contained a major gene, at a known position. The major gene-alleles were assumed 
fixed in the base populations, so allele Ti had a frequency of 100% in the donor population and 
12 had a frequency of 100% in the recipient population. Selection was on markers, because the 
major gene was assumed to be not readily identifiable. The marker alleles again were not fully 
informative: the frequencies could vary, where the frequency of allele 1 of all markers (e.g. A 1, 
Bl, etc.) was p in the donor population and q in the recipient population. Three different 
combinations of starting frequencies p and q were investigated: 1.0/0.0; 0.9/0.1, and 0.510.5. In 
all simulations recombination between loci followed Haldane's mapping function. 
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The simulated population had a size of 800; 10 sires were selected to be used on 10 dams each, 
every dam had 8 offspring (4 males and 4 females), thus resembling a nucleus pig breeding 
population. The F 1 was formed by crossing the donor and recipient population, after which the 
crossbred animals were backcrossed to the recipient population for 5 generations creating BC, 
to BC5. In the 5 backcross generations selection took place among males, which were mated to 
females from the recipient population. 
2-locus model 
To test the program, the first situation simulated was a 2-locus chromosomal segment for each 
animal, mimicking the calculations from the deterministic approach mentioned earlier on, so 
results could be compared. Again the segment was assumed to be 1 cM long, with on one end 
the diallelic marker and on the other end the diallelic major gene. Results were averaged over 100 
replicates. 
Multi-locus model 
The next situation considered was a multi-locus model, where every individual was assumed to 
have a genome length of 100 cM. Markers were equally spaced over the genome in 10 cM 
intervals with markers on either end of the (single) chromosome, so in total there were 11 
markers on position 1, 11, etc. to position 101. The major gene was fixed on position 30 if only 
one marker was used for identification of the major gene-allele, or on position 35 if a marker 
bracket was used. For identification of the major gene-allele the closest available marker(s) were 
used, being the marker on position 31 in the one marker case, and the markers on position 31 and 
41 if a marker bracket was used. 
Selection took place in two steps. The first step was aimed at preserving the desired trait allele, 
so only animals with at least one copy of the thought-to-be desirable marker allele were selected 
(Al if a single marker was used, Al and BI if a marker bracket was used). The second step was 
aimed at recovering the background genotype of the recipient as quickly as possible by selection 
on markers, and was either at random or on a marker score. This score (defined by Visscher, 
1996) is essentially calculated as the proportion of marker loci thought to be descending from 
the donor population, those with the most 'l'-alleles over all marker loci (including the loci 




The percentages of animals that still have the desired (introgressed) trait allele over 5 generations 
of backcrossing, for the 2-locus deterministic model and 5 different starting frequencies (1.0/0.0, 
0.99/0.01, 0.95/0.05, 0.9/0.1 and 0.510.5), are given in Figure 3.1. If the starting frequencies are 
1.0 and 0.0 all Al-alleles originally stem from the donor population and all A2-alleles stem from 
the recipient population. The marker is then fully informative in the F 1 , but with recombination 
the percentage of animals with the desirable trait allele decreases slightly over generations 
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Figure 3.1 	Percentage of animals with desired trait allele for 5 generations of backcrossing, 
using a single, diallelic marker to identify the major gene allele, for 5 different, 
opposite marker allele frequencies in the donor and recipient population 
In case of starting frequencies of 0.5 and 0.5 the marker is completely uninformative in the F 1 , 
so the percentage of animals with desired trait allele should halve every generation. This is true 
until backcross generation 3, but in BC, the percentage is 6.6; slightly higher than the expected 
6.25%, and in BC, the discrepancy is even bigger (3.7% compared with the expected 3.1%). 
Because we keep selecting on Al-marker alleles, linkage disequilibrium will eventually be 
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induced between marker and major gene, even if absent in the first backcross generation. 
Selection starts only in BC, so disequilibrium has not been induced there yet and the frequency 
will halve as expected in BC 2. The selected BC, parents will produce more Al-gametes that 
originate from their BC 1 -parent than Al-gametes originating from their recipient parent, and 
because Ti can only come from the BC 1 -parent, the fraction of Ti within Al-gametes is higher 
than the fraction of Ti within A2-gametes. This effect will become visible in the selected group 
in BC 3  (not in BC, itself because the fraction of TI gametes overall from BC, is just 1/8, as first 
expected), and in the gametes the BC,-animals produce. This means that the fraction of animals 
with desired trait allele in BC, will not halve but will be slightly higher than halved, and so on 
in later generations. This effect only depends on the recombination rate between marker and 
major gene: if the recombination rate is 0.5, marker and major gene segregate completely 
independent of each other so no linkage can be induced, but if the recombination rate is close to 
0 the effect will be maximal and very close to the results shown in Figure 3.1 (for a 
recombinatioirrate of 0.0099). 
The curve for starting frequencies 0.9/0.1 in Figure 3.1 is nearly midway between those for 
starting frequencies 1.0/0.0 and 0.5/0.5, indicating that the relationship between starting 
- 	frequencies and loss of the introgressed allele is not linear. 
Figure 3.1 indicates that starting frequencies have to be extreme to avoid loss of the desired trait 
allele. Even if the Al-marker allele is fixed in the donor population, the occurrence of this allele 
in the recipient population as well can seriously frustrate the introgression process. This is shown 
in Figure 3.2, where the percentage of animals with the desired trait allele in backcross 
generation 5 is plotted against the frequency of Al in the recipient population (q), when Al is 
fixed in the donor population. The percentage of animals with the desired allele drops very 
rapidly for increasing values of q. 
Table 3.1 shows the results for adding selection on heterozygosity. The preservation of the 
desired trait allele is somewhat better than it is without discarding homozygous animals: if the 
extra selection is started in BC, 28.4% of the animals still possess the introgressed allele in BC 5 , 
if started in the F 1 this value is 31.2%, whereas without the extra selection only 23.9% of the 
animals still had the desired allele in BC 5 (Figure 3.1). 
Stochastic apuroach 
The averages over 100 simulated replicates for the 2-locus model (results not shown) gave results 
that were very close to those calculated using the deterministic approach (Figure 3. 1), and none 
of the differences between the methods were significant. Differences between the simulated 
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starting frequency in recipient population (q) 
Percentage of animals with desired trait allele in the fifth backcross generation, 
using a single diallelic marker to identify the trait allele, on 1 cM from the 
major gene, where p (frequency of the first marker allele in the donor 
population) equals 1.0 and q (frequency of the first marker allele in the recipient 
population) ranges between 0.0 and 1.0 
Table 3.1 	Percentage of animals with the desired trait allele over five generations of 
backcrossing using one diallelic marker on 1 cM from the major gene with 
initial frequencies of marker allele Al of 0.9 and 0.1 in donor and recipient 
population respectively, with added selection against animals homozygous for 
Al, starting in the F 1 (first cross) or in the B (first backcross generation); a 
deterministic model. 
extra selection started in 
F 1 	 BC, 
backcross 
generation 	1 50.0 	 50.0 
2 44.1 	 40.7 
3 39.3 	 35.9 
4 35.0 	 31.9 
5 31.2 	 28.4 
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convincingly non-significant. However, comparison of the simulated multi-locus model and the 
simulated 2-locus model, shows some differences that are near a 5% significance level, even over 
100 replicates. There does not appear to be a consistent trend in those differences. It should be 
noted that the standard deviations of the percentages produced by the stochastic multi-locus 
model can be rather large: between 2 and 17% forp/q-values of 1.0/0.0, between 4 and 23% for 
p/q of 0.9/0.1, and between 5 and 12% forp/q-values of 0.5/0.5 (in BC 2 to BC,). 
The limited difference in introgressed gene retention between the 2-locus and multi-locus model 
(without selection on background genotype) seems to justify the conclusion that as long as there 
is no selection on background genome, the background genome will not influence the outcome 
of the introgression process. So if the preservation of an introgressed trait allele using non-
unique markers is under scrutiny, it will be sufficient to consider only the markers used to 
identify the major gene. 
If selection also takes place on background genotype (using markers), the situation is quite 
different. Even with starting frequencies of 1 and 0 (completely informative markers) and one 
marker used to identify the trait allele, only 42.3% (s.e. 1.7) of the animals in BC, still have a 
copy of the desired trait allele. When a marker bracket is used this percentage is 49.7% (s.c. 0.2). 
Without background selection and using a marker bracket 50.0% (s.c. 0.2) still has the desired 
trait allele in BC 5, 48.5% (s.c. 0.5) if a single marker is used. Starting frequencies of 0.510.5 gain 
a major gene-preservation not significantly different from uninformative markers in the 
deterministic approach, for all four selection strategies (results not shown). 
In Figure 3.3 the differences between the four different selection strategies are plotted for starting 
frequencies of 0.9 and 0.1. Again, the marker bracket performs much better than a single marker. 
Selection on background genotype has a detrimental effect on the retention of the introgressed 
trait allele; in the single marker case values are even lower than for no selection on the 
introgressed allele at all. 
Discussion 
The main conclusion of this work is that using non-unique marker alleles as if they were unique 
can be heading for disaster. Particularly if selection is carried out on background genotype as 
well as on presence of the introgressed trait allele, the chance that the introgressed allele will be 
lost is unacceptably high (Figure 3.3). Even if heterozygosity-selection is added, it will be hard 
for any commercial company to justify the expense of an introgression program, if after 5 
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Figure 3.3 	Percentage of animals with desired trait allele for 5 generations of backcrossing, 
using either a single marker or a marker bracket to identify the trait allele, either 
with or without selection on background genotype (initial frequency of first 
marker allele in donor and recipient population 0.9 and 0.1 respectively). Means 
over 100 replicates, including 95% confidence intervals. 
31% (Table 3.1). 
The sudden loss of the introgressed trait allele when selection on background genotype is carried 
out is not surprising when we realise which genotype is most preferred using both selection 
criteria. Ideally, we want a genome that completely stems from the recipient population 
(identified by '2'-marker alleles), except for the trait allele, that has to come from the donor 
population (identified by '1-marker alleles). This can be achieved only by double recombination 
on both sides of the introgressed region (consisting of the major gene and one or two markers). 
Double recombination is relatively rare; it is much more likely that the whole chromosome 
section will stem from a recipient gamete with only '2'-alleles except on the introgressed gene 
marking sites (e.g. the chance of finding such a gamete produced by F in the single marker case 
is (q) " * (1-q), where m is the number of markers on the whole genome). So even if the 
frequency of the Al-allele is very low in the recipient population, it will act as a very effective 
way of selecting against the desirable trait allele. 
In this study selection for background genotype is on markers, but it is likely that selection on 
phenotype will give the same results. It is much more likely that the stretch of genome coding 
for a favourable phenotype coming from the recipient has an 'unlikely' allele for the marker 
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identifying the introgressed allele, than that double recombination has occurred around the 
introgressed gene and the marker allele really comes from the donor. 
Keeping the percentage of animals with the introgressed allele on 50% over more generations 
of backcrossing will not be realistic, unless the trait gene itself can be identified and direct 
selection can take place, rather than indirect selection on linked markers. In case of indirect 
selection there will always be some decrease over generations due to recombination. For the sole 
purpose of not losing the introgressed allele it would be best to keep the number of backcross 
generations to a minimum, and start intercrossing as quickly as possible to fix the allele in the 
population. But this implies that the numbers of recombinants around the introgressed gene have 
not had the chance to build up, so it is likely that there still is quite a substantial stretch of donor-
genome around the gene (Hospital et al. 1992), so as far as minimising the donor contribution 
in the background genotype is concerned this is not the best way. Presumably the right moment 
to change from backcrossing to intercrossing depends on the reliability of the identification of 
the trait gene and the background genotype (Hillel et al. 1993), the magnitude of the difference 
between donor and recipient population (Gamaet al. 1992) and the rate of selection in both 
populations. If we expect the donor population to have more valuable genes than just the gene 
for introgression-(as in Groen & Smith 1995), intercrossing might start sooner, together with 
selection on phenotype. 
The identification of the major gene-alleles was more reliable if a marker bracket was used rather 
than a single marker, and if allele frequencies were as different in the alternative populations as 
possible. If markers show not to give a fairly good preservation of the trait allele the obvious 
thing to do would be to look for better markers (more closely linked or even the major gene 
itself) or have more extreme starting frequencies. This might not always be possible, or it might 
be undesirable to wait any longer to start the introgression process, so it might still be useful to 
search for strategies that can deal with non-unique markers. 
In all scenarios of which results are shown in Figure 3.1 and 3.2 all animals are selected that 
fulfill the selection criterion of having at least one copy of the thought-to-be desirable marker 
allele, without making any distinction between genotypes within this group. In case of one 
diallelic marker only 3 marker genotypes exist, and adding the heterozygosity criterion means 
that all 3 genotypes are treated separately. However, if a marker bracket is used, no distinction 
is made between genotypes homozygous for one marker but heterozygous for the other, where 
the probability of those genotypes to contain the desirable trait allele can be quite different (due 
to selection in previous generations, or different starting frequencies of the markers). Eventually 
the aim is to end up with as many animals as possible still possessing the introgressed allele, so 
in the intercrossing phase following the backcrossing phase the allele can be fixed in the newly 
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created synthetic population. Using the probability of the allele to be present would be a logical 
selection criterion in the backcrossing phase. It might make the selection more effective and a 
better preservation of the desired allele could be achieved. This will be subject of further study. 
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Marker-assisted introgression using non-unique 
marker alleles II: Selection on probability of 
presence of the introgressed allele 
Introduction 
To carry out introgression of a valuable gene from a donor population into a recipient population 
most effectively, the different alleles of this gene should be directly identifiable. Currently a lot 
of effort is put into finding the position of functional genes (e.g. in pigs: Rohrer et al. 1994, 
Archibald et al. 1995, Ellegren etal. 1994), but often direct identification cannot be achieved, 
and markers have to be used to identify the alleles of interest. Markers can also be used to 
determine the source (donor or recipient population) of the background genotype. 
A number of authors have looked into the possible benefits of MAI (marker assisted 
introgression). Most authors assumed complete identification of the introgressed allele and only 
used markers to identify the source of the rest of the genome (Hillel etal. 1993, Hospital et al. 
1992, Gama etal. 1992). The markers they used were fully informative. Groen and Smith (1995) 
touched upon the problem of not completely informative markers, by simulating a situation 
where a marker allele that is fixed in the recipient population also occurs in the donor population 
in a low frequency. However, there still is an allele unique to the donor population, to reliably 
identify the introgressed trait allele. Visscher et al. (1996a) also considered identification of the 
introgressed gene using markers. They looked at a QTL (quantitative trait locus) to be 
introgressed at a known as well as at an estimated position, where selection was on nearby 
markers. They concluded that as long as selection was on marker haplotypes covering the likely 
position of the QTL, the introgressed allele would not be lost. Marker alleles were unique to 
alternative base populations. 
In Van Heelsum et al. (1997) (Chapter 3) the approach of Visscher et al. (1996a) has been 
extended to non-unique markers for identification of the introgressed major gene and the 
background genotype. It was concluded that using markers that have alleles that are not 
completely unique to the donor population (to identify the desirable trait allele) as if they were 
unique, can be very ineffective. They suggested that distinguishing between all available marker 
genotypes, rather than selecting all individuals with 1 or 2 desired marker alleles per locus, could 
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be a better option. In this paper this distinction is made. The probability of presence of the trait 
allele of interest is calculated for all different marker genotypes, and ranking and selection takes 
place accordingly. The aim is to discover if this approach gains a better retention of the desired 
trait allele when marker alleles are not unique to the base populations. The efficiency of this 
criterion in a backcrossing scheme will be assessed for a single marker and a marker bracket and 
for di- and triallelic markers. 
Van Heelsum et al. (1997) (Chapter 3) also looked at selection against marker homozygotes, 
because they produce gametes with identical marker genotypes, which makes identification of 
the desired major gene allele impossible. This approach slightly improved the results, so in this 
paper a similar approach will be investigated but in combination with selection on probability, 
to see if the retention of the introgressed trait allele can be further improved. This paper purely 
focuses on the effectiveness of the introgression itself (during the backcrossing phase) and 
ignores selection to more quickly recover the recipient (background) genotype. This seems a 
reasonable starting point, because a proper identification of the introgressed allele has to be 
achieved first, before one can think about more complicated, although maybe more realistic 
introgression programmes. Furthermore, Van Heelsum et al. (1997) (Chapter 3) showed that the 
background genotype does not influence the introgression result when no selection on 
background genotype takes place. 
Models and methods 
Introgression of the trait allele takes place by means of backcrossing F 1 -individuals (the product 
of crossing a donor and a recipient line or breed) to the recipient population, producing 5 
subsequent backcross generations. The intercrossing phase, that would normally follow the 
backcrossing phase of an introgression programme, is not investigated in this study. The 
introgressed gene is assumed to be a gene with a major influence on a valuable trait, that is not 
phenotypically identifiable at the moment of selection (e.g. disease resistance, litter size). The 
major gene is assumed to have two alleles Ti and T2; the donor population is fixed for allele Ti 
and the recipient population for allele T2. The population sizes are assumed to be infinite. Given 
the starting frequencies of marker and major gene alleles in the base populations, the 
recombination rate and selection strategy, the frequencies of all possible genotypes in the 
following crossbred populations are calculated. 
Selection starts in the first backcross (BC 1 ). Selection decisions are based on the individual 
marker genotypes; neither the major gene-genotypes nor the parental genotypes are assumed to 
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be known and so the linkage phase between two markers is not known either. This situation is 
similar to the one described by Van Heelsum et al. (1997) (Chapter 3), where all genotypes were 
selected having one or two marker alleles thought to be linked with the desirable trait allele, so 
the selected fraction was not a parameter. 
In the current study selection is on probability of carrying the desired trait-allele. The probability 
is calculated as the expected fraction of individuals having a copy of the desired trait-allele 
within a group of individuals with the same marker genotype. Individuals with the highest 
probabilities of carrying the desired trait-allele are selected; these can be of one or more 
genotypes depending on their frequencies in the unselected population and the selected fraction. 
Marker genotypes are ranked according to the probability, and the next genotype in rank is not 
selected until all animals with the higher scoring genotype are used. If several genotypes rank 
the same, equal proportions of these genotypes are selected. 
From BC, onwards it depends on the selected fraction which genotypes are selected, which 
alleles are produced, how high genotype frequencies are and which marker genotypes have the 
highest probability to have Ti in the next generation. The probabilities decline over generations, 
and the ranking of the marker genotypes according to their probabilities of carrying the desired 
trait-allele does not necessarily stay the same. 
Three situations were studied: selection using a single diallelic marker, selection using a dialielic 
marker bracket, and selection using a tri-allelic marker bracket. 
In case of the single marker the recombination rate r between the marker and the major gene was 
set to 0. The allele frequencies for allele 1 were 0.9 and 0.1 (so 0.1 and 0.9 for allele 2) in the 
donor resp. recipient population. Selection on probability was compared with selection in two 
steps: first marker genotypes are ordered on marker heterozygosity (individuals heterozygous 
on a marker locus are selected in preference to homozygotes), then further ordering finds place 
within heterozygosity-class based on probabilities. Van Heelsum et al. (1997) (Chapter 3) 
showed that adding selection against marker homozygotes can give a somewhat better retention 
of the introgressed allele. A backcross individual that is homozygous for the thought-to-be 
favourable marker allele will produce two types of gametes that cannot be distinguished, half of 
which will contain the favourable Ti -allele but the other half will have the unfavourable T2-
allele. Tracing the marker alleles to the correct base population will only be possible in 
individuals heterozygous for the marker. 
When a marker bracket was used, selection was always on heterozygosity and probability. The 
major gene was placed 4 cM from marker A and 6 cM from marker B, giving recombination rates 
r.1 and r between major gene and marker A and B of respectively 0.0384 and 0.0565, assuming 
Flaldane's mapping function. Starting frequencies of marker allele 1 in donor resp. recipient 
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population were 1.0/0.0 (completely informative markers), 0.9/0.1, 0.7/0.3, 0.510.5 (completely 
uninformative markers), 0.2/1.0 (comparable with Groen and Smith, 1995) and 1.0/0.2 for both 
markers. 
In case of tri-allelic markers the frequencies for Al, A2, A3, Bi, B2 and B3 were 0.7, 0.2, 0. 1, 
0. 1. 0.2 and 0.7 in the donor and 0. 1, 0. 3, 0.6, 0.6, 0.3 and 0.1 in the recipient population. 
Selection was on heterozygosity and probability. 
Results 
Single diallelic marker 
Figure 4.1 a and b show the percentage of animals with the desired trait-allele over 5 generations 
of backcrossing, where selection is on probability of presence of the introgressed allele (Figure 
4. 1 a) or on heterozygosity as well as probability (Figure 4. ib), using a single diallelic marker, 
for selected fractions between 0.001 and 1.000. Striking features of Figure 4. la are the peak in 
the percentage of animals with the desired trait-allele, showing an optimum selected fraction of 
0.57 (in BC,), and the steep drops for only small changes in selected fraction (for a selected 
fraction just over 0.05 in BC, and 0.08 in BC 5 ). Both graphs a and b show horizontal lines for 
the most intense selection. 
These observations can be explained as follows. For one marker with two alleles three different 
marker genotypes occur: A1A1, A1A2 and A2A2, having frequencies in BC, of 0.05, 0.50 and 
0.45 respectively. The probability of presence of the Ti-allele is always highest for A1A1-
individuals (in BC 1 ), because they always have one Al-allele that comes from the crossbred 
parent, where in heterozygotes there is always a chance that allele Al stems from the recipient 
parent. However, in later generations for high selection intensities probabilities can sometimes 
be equal for A1A1 and A1A2-individuals. For all selected fractions smaller than 0.05 the same 
genotypes will be selected in each generation (only A1A1 in BC,, BC 3 and BC 5, AlA 1 and A 1A2 
in BC2 and BC 3), resulting in horizontal lines (equal percentages of animals with the desired trait-
allele) in Figure 4.1a as well as in Figure 4.1b. 
Increasing the selected fraction over 0.05 implies selecting A1A2-individuals as well, which 
makes the retention of the introgressed allele improve over more than 2 backcross generations, 
until all A1A1 and A1A2-individuals are selected. The optimum selected fraction of 0.57 over 
5 backcross generations is somewhat higher than 0.55 (the frequency ofAlAl and A1A2 in 
BC,), because the frequencies have increased due to selection, and will increase a little bit more 
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selected fraction 
Percentage of animals with desired trait-allele for 5 generations of backcrossing 
for selected fractions between 0.001 and 1.000. Selection on the trait allele 
using one diallelic marker with starting frequencies of alleles in donor and 
recipient populations of 0.9 and 0.1, and 0.1 and 0.9 respectively. No 
recombination between marker and major gene. 
selection on probability of presence of the desired trait allele 
selection on heterozygosity on the marker locus (starting in the first 
backcross generation) and probability of presence of the desired trait allele 
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If selection is also on heterozygosity the priority of the A1A1 and A1A2-genotypes is turned 
around and horizontal lines occur for selected fractions up to 0.50. A higher selected fraction 
means also selecting A1A1-individuals, which have a higher probability of having Ti in BC, 
than A1A2-individuals, resulting in a slightly better retention of the introgressed allele in BC,. 
However, A1A1-animals produce uninformative (indistinguishable) gametes, so the percentage 
of animals with Ti will halve from their offspring to grand offspring. Heterozygotes for the 
marker do produce distinguishable gametes, accounting for the better retention of Ti using 
selection on heterozygosity shown in Figure 4. lb. 
The drop in percentage of animals with the desired trait-allele for a selected fraction just over 
0.05 (BC 4) and 0.08 (BC 5) when selection is only on probability (Figure 4. la) is caused by the 
addition of another genotype to the selected group in the great-grandparent generation, which 
alters the probabilities in the grandparent generation. E.g.: when in BC1 apart from AIAI-
individuals (with the highest probability) also a very small fraction of A1A2-individuals is 
selected, then in BC, AlA! and A1A2-individuals no longer have equal probabilities. AIA1-
individuals score slightly higher, so only they will be selected instead of equal fractions of both 
genotypes (and A iA2 has a much higher frequency in the unselected population). This results 
in uninformative offspring (BC 3), and the percentage of animals with desired trait-allele will 
halve in the grand offspring (BC 4) instead of dropping slightly. 
Diallelic marker bracket 
Using a marker bracket rather than a single marker further increases the effectiveness of the 
introgression programme. The percentage of individuals with the desired trait allele in BC 5 for 
6 different starting frequencies and selection on heterozygosity and probability is shown in 
Figure 4.2. Fully informative markers (1.0/0.0) give a retention of close to 50%, as long as only 
doubly heterozygous individuals are selected. For starting frequencies of 0.9/0.1 the decline 
starts at a lower selected fraction and even with intense selection only 45% of the individuals still 
possess the valuable trait allele in BC5. Completely uninformative markers (0.510.5) always give 
the same low result, whatever the selected fraction. Having marker alleles unique to the donor 
population (0.2/1.0, so alleles A2 and B2 only occur in the donor with frequencies of 0.8) gives 
a result as good as for fully informative markers (for selected fractions smaller than 0.4). The 
other way round, for starting frequencies of 1.0 and 0.2, results are a lot worse. 
Two markers with 3 alleles per marker 
Figure 4.3 shows results of using two tri-allelic markers, for selection on heterozygosity on the 
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Figure 4.2 	Percentage of animals with desired trait-allele in backcross generation 5 for 
- selected fractions between 0.001 and 1.000. Selection on the trait allele using 
two diallelic markers on 4 and 6 cM from the major gene. Starting frequencies 
- of allele 1 for both markers, in donor and recipient populations respectively, of 
1.0/0.0, 0.9/0.1, 0.7/0.3, 0.5/0.5, 0.2/1.0 and 1.0/0.2. Selection on 
heterozygosity on the marker loci (starting in the first backcross generation) and 
probability of presence of the desired trait allele 
improvement over the diallelic case of about 1% at BC 5, although heterozygosity in the F 1 is 
comparable with the diallelic case (81% for 2 alleles, 82% for 3 alleles, the same for both 
markers). In Figure 4.3 the horizontal stretch for the most intense selection is a lot shorter than 
in Figure 4.2 (starting frequencies 0.9/0.1) or Figure 4.1b, because the frequency of the genotype 
with the highest probability is much lower (as there are many more different genotypes present). 
Selection seems very effective: for some selected fractions there is even an improvement of the 
retention of the desired trait allele over generations (lines cross over). The point where the line 
makes a sharp downwards turn shifts to the right over generations, reflecting an increasing 
number of doubly heterozygous marker genotypes with high probability. The number of double 
heterozygotes with low probability decreases, because the next sharp turning point (upwards this 
time) shifts to the left over generations. This point marks the start of adding single heterozygotes 
(first with very high probability) to the selected group. The high probabilities make the line 
climb again, before it drops due to addition of genotypes with (very) low probabilities. In BC 2 
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Figure 4.3 	Percentage of animals with desired trait allele for 5 generations of backcrossing 
for selected fractions between 0.001 and 1.000. Selection on the trait allele 
using two tri-allelic markers on 4 and 6 cM from the major gene. Starting 
frequencies of alleles of marker A are 0.7, 0.2, 0.1 and 0. 1, 0.3, 0.6; of marker 
B they are 0. 1, 0.2, 0.7 and 0.6, 0.3, 0.1 in donor and recipient populations 
respectively. Selection on heterozygosity on the marker loci (starting in the first 
backcross generation) and probability of presence of the desired trait allele 
doubly homozygous marker genotypes starts, beginning with A1A1B3B3, which has the very 
highest probability of all marker genotypes in BC 1 . 
Discussion 
If marker alleles are not unique to the alternative base populations, the source of alleles in 
crossbred individuals cannot always be identified. One can think of two ways to deal with this 
problem. Firstly, by using the information that is available as well as possible, retention of the 
introgressed trait allele can be improved compared with using the markers as if they were fully 
informative. In this study we propose the 'probability approach' to do this. Secondly, marker 
alleles can be made unique to the base populations by selection. This approach will be discussed 
later on. Presumably, retention of the introgressed trait allele is essential for an introgression 
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programme, because the reason to set up such a programme would be to fix the allele of great 
importance in the newly formed synthetic population. This allele might not have a clear, additive 
economic value, but might give the synthetic a unique trait that fills a niche in the market, or 
might make a difference between life and death of an individual (e.g. in case of disease resistance 
genes). So eventually one would like to end up with individuals not just carrying the desired trait 
allele, but being homozygous for that allele. 
The probability approach, combined with selection against homozygotes, showed to be a fairly 
efficient method to retain the desired trait-allele over several generations of backcrossing, 
particularly if a marker bracket is used consisting of multi-allelic markers. Achieving 50% of the 
animals with the introgressed allele over several generations of backcrossing is not possible 
because of recombination. 
Retention of the introgressed allele could be further improved by using less generations of 
backcrossing than the five generations used here, but the recovery of the background genotype 
would be worse (a problem ignored in this study). According to Hospital et at. (1992), usually 
at least 4 generations of backcrossing would be needed, to recover the background genotype with 
use of markers. Van Heelsum et al. (1997) (Chapter 3) showed that selection on background 
genotype can severely impede the retention of the desired trait allele. Although results in this 
paper are better than any of the results for the same starting frequencies in the earlier paper, this 
is by no means a guarantee that the severe loss of the introgressed allele after the first generation 
(with added selection on background genotype on the same chromosome) will not occur. 
If the same selected fractions are considered, results from Van Heelsum et at. (1997) (Chapter 
3) for optimal selected fractions are almost identical to results in the current study. In the 
simplest case (using a single, diallelic marker) small differences are caused by the slight 
differences in selected fraction (0.55 in BC, and 0.59 in later generations in the earlier paper, 
0.57 in this paper), and a difference in recombination rate (0.0099 in the earlier paper, 0 in this 
paper). Heterozygosity/probability selection gives always better results when the selected 
fraction is decreased, where in the earlier paper more intense selection implies random selection 
within the group of animals having one or two copies of the marker allele. This will not improve 
results and is potentially risky, because by chance one might select only homozygotes and lose 
the introgressed allele quicker than expected. 
Tnallelic markers give a better retention of the introgressed allele than diallelic markers because 
triallelic markers allow for more different genotypes which enables more discrimination between 
individuals. More markers will not necessarily give better retention, because a marker outside 
a marker bracket (with the introgressed gene known to be within the marker bracket) does not 
add any information about the introgressed gene. More markers could be useful for decreasing 
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the length of the donor-genome around a QTL (Hospital et al. 1992), or when the exact position 
of the QTL is not known (Visscher et al. 1996a). More markers could also be useful if 
informativeness is not required of all markers; e.g. if the closest marker is not informative but 
the next marker is, then this one can be used for selection. This might be particularly useful if 
allele frequencies are similar in the alternative base populations, and when numbers of animals 
are severely limiting. 
The other way to deal with non-unique markers was preselection of parents on uniqueness of 
marker alleles. This will be most effective when carried out in the base populations, so only 
individuals from one population are selected that have alleles that don't occur in the individuals 
selected from the second population. For diallelic markers the starting frequencies are then 
effectively 1.0/0.0. Preselecting donor individuals might not always be possible because the 
individuals are not available anymore. The next best solution might be to preselect F 1 -individuals 
on heterozygosity (although F 1 -animals would normally not be typed, because all of them are 
known to have one copy of the desired major gene-allele anyway), and/or to preselect only 
recipient individuals on unique alleles. 
Selecting recipient (or donor) animals on marker genotype might not be desirable because it can 
severely restrict the number of available individuals. Even if there might be enough animals 
available, the selection on background genotype can be less intense, so the crossbred population 
will lag more behind the selected recipient nucleus for traits not influenced by the introgressed 
allele (Gama et al. 1992). 
However, the effect on numbers available can be restricted by pairing up parents in a way so that 
they don't have marker alleles in common, rather than the whole populations not having any 
alleles in common. For a diallelic marker this would mean that both mates need to be 
homozygous for the alternative alleles to give only informative offspring; if one of the parents 
is heterozygous 50% of the offspring will be homozygous and thus uninformative. If populations 
have to be unique, and for example a single diallelic marker is used for which allele 1 has starting 
frequencies of 0.9 and 0.1 in the donor and recipient population respectively, 81% of the 
individuals of both populations could be used (if 100% informative offspring is required). 
Respectively 99% and 81% could be used if the result of 91% informative (heterozygous) 
offspring is sufficient. If only pairs have to be unique, 82% of both populations could be used. 
The difference is much bigger if starting frequencies are 0.5/0.5: only 25% of both populations 
could be used for 100% informative offspring when populations need to be unique, against 50% 
of both populations when uniqueness is only required within mating pairs. 
When the number of markers that need to be unique increases, numbers will be more limiting. 
On the other hand, if only informativeness is required from one of the available markers, and the 
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pairing up is carried out carefully, it will nearly always be possible to produce a high percentage 
of informative offspring. 
More alleles per marker will widen the choice for selection only on pair level. Rohrer et al. 
(1994) report that microsatellite markers in pigs have on average 5.8 alleles, so a problem with 
finding a suitable mate might not easily occur in a practical situation. They also give values for 
the average heterozygosity levels for microsatellite markers in several crosses between pig 
breeds. For a cross between White Composite boars and Chinese sows they report an average 
heterozygosity of 81.4%, which is close to the values assumed in this study. 
If preselection of (base) parents is not possible or less desirable, the probability approach seems 
to offer a good alternative. Although the retention of the desired trait allele is good if selection 
is purely on the introgressed allele, the reliability has not been proven for application in 
combination with selection on background genotype. It is not straightforward to calculate the 
probabilities for-larger and with that more diverse genotypes using the current method, but this 
could be subject of further study. Additionally, it would be interesting to look at an introgressed 
gene that has a known, quantifiable effect, rather than a major gene with a practically infinite 
value. In combination with the background genotype, one could determine the size of the major 
gene effect-needed to make an introgression programme feasible, and to enable a comparison 
between introgression and other breeding schemes. 
The backcrossing phase of an introgression programme would normally be followed by an 
intercrossing phase, which is not investigated in this study. The aim of the intercrossing phase 
is to fix the introgressed allele in the synthetic population, so producing animals homozygous 
for the desired allele. Groen and Smith (1995) found that with a marker allele unique to the donor 
population and selection on genomic similarity, 100% of the animals in the second intercross 
generation will have at least one copy of the desired trait allele. Although the informativeness 
of the markers they use will be reduced by recombination, identification of homozygotes for the 
desired trait allele was good enough to quickly fix the desired allele in the synthetic population. 
Presumably, in this study the problems in identifying the desired trait allele occurring in the 
backcrossing phase, when there is no marker allele unique to the donor population, will be 
extended to the intercrossing phase. The unreliable identification of the trait alleles also affects 
the distinction between homo- and heterozygotes for the trait allele, making complete fixation 
more difficult. 
A point of further research could be what use could be made of phenotypic information, gathered 
in the process of backcrossing. Although phenotypic information has a number of disadvantages 
compared with marker information (often only available later in life, sex dependent, influenced 
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by environment, etc.), it could be used to update the estimates of major gene size and position, 
to make the selection on the major gene using markers in following generations more effective. 
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Constructing a confidence interval for 
QTL location in a backcross population 
using dense marker maps 
Introduction 
In recent years, a lot of effort has been put into finding marker loci that are linked to the loci 
controlling quantitative traits (QTL or quantitative trait loci). In several agricultural species, 
marker maps are becoming increasingly dense and this makes it possible to place QTL on the 
linkage map with increasing accuracy. A measure of the accuracy of the QTL location estimate 
is its confidence interval. The shorter the length of the confidence interval, the more certainty 
we have about the location of the QTL. 
A commonly used mapping method is interval mapping using a maximum likelihood approach, 
as described by Lander and Botstein(1989). To test the evidence for presence of a QTL they use 
the LOD-score, which is the log- 10 of the ratio of the likelihood of the data given the presence 
of a QTL and the likelihood of the data given there is no QTL. The LOD-score is (under the null 
hypothesis) asymptotically distributed as '/z(log 1(,e) 2= 0•217x2 where x2 denotes the chi-squared 
distribution with 1 degree of freedom. For the construction of a support interval for QTL map 
location, Lander and Botstein (1989) suggested to use the 'LOD drop-off method', where the test 
for QTL presence is used to determine the limits of a confidence interval for QTL position. The 
magnitude of the drop depends on the desired level of support; commonly used is a drop of one 
which should be equivalent to a 96.8% confidence interval (Mangin et al. 1994). This interval 
includes the points for which the likelihood ratio is within a factor of 10 of the maximum. 
However, it has been shown that a so obtained confidence interval can be severely biased for 
QTL with a small effect or for small population sizes (Van Ooijen 1992, Mangin et al. 1994), 
because then the test statistic does not follow a chi-squared distribution. Van Ooijen (1992) 
showed that in many cases to obtain a confidence rate of 95%, a 2 LOD support level was 
needed. For those calculations only the simulations that gave significant evidence for presence 
of a QTL were used. In case of a h2 of 0.10 and a population size of 400, 1 LOD did give the 
desired fraction of support intervals enclosing the QTL, but in that case the power was equal to 
1.0 (so all replicate simulations found a significant QTL effect). Mangin et al. (1994) developed 
-45- 
a statistic whose distribution does not depend on the QTL effect under the null hypothesis, which 
they state is correct for a power of QTL detection between 0.2 and 0.9 (so unequal to 1.0). 
Simulation was used to determine threshold functions for the case of more than two markers. 
This method gives an unbiased confidence interval, but the properties only hold asymptotically 
and locally. 
Darvasi et al. (1993) used three different methods to determine confidence intervals. The first 
method gave a 95% 'symmetric' confidence interval obtained empirically from the distribution 
of QTL map locations as found in the 1000 replicate simulations, the other two methods used the 
standard errors of maximum likelihood estimates (MLE): four times the empirical standard error 
(s.e.) of the map location calculated using the individual MLE obtained in the 1000 replicates 
(standard deviation of the MLE); and four times the average, over the 1000 replicates, of the 
standard error estimates obtained from the covariance matrices. The three methods gave very 
different answers and they considered the first method to be best. This approach was followed 
up by Darvasi and Soller (1997). They empirically determined a simple and general expression 
for 'resolving power' of QTL map location, giving an empirical symmetric confidence interval 
that includes the MLE of the map location in 95% of the simulations. However, we argue that 
the confidence interval obtained from the distribution of QTL position estimates is not the 
relevant interval; we are more interested in the distribution of the test statistic within replicates 
because in a 'real' situation only one replicate of the mapping population exists. 
Visscher et al. (1996b) used bootstrapping to determine an empirical confidence interval for 
QTL location. The bootstrap method was shown to work better than the LOD-drop off method; 
the proportion of the empirical confidence intervals that contained the QTL was close to 
expectation (90 or 95%). An advantage of this method is that it can be used on the single 
replicate of real data from a mapping experiment. 
In this study, confidence intervals for QTL map location are investigated as a measure of the 
accuracy of the QTL location estimate, using a very dense marker map and a simple F-test on 
single markers. By analogy with the LOD-drop method, the correct F-drop is determined for 
different population sizes and QTL effects. The influence of marker density and different ways 
of defining the confidence interval are investigated. 
Theory and methods 
In this study, a first backcross population of size N was used. It was assumed that a QTL had 
been detected in a previous, independent experiment, and interest is focussed only on refining 
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the map position. All replicates were used to determine the confidence interval, even if the QTL 
in certain replicates did not exceed the significance threshold (power lower than 1.0), because 
the variable of interest is the average performance of the method (and setting a significance 
threshold is rather arbitrary). 
The QTL was simulated at a marker on 25 cM from one end of the single chromosome. To 
approximate infinite marker density, 1001 equally spaced markers were simulated on a 100 cM 
genome (so the marker spacing was 0.1 cM). Because the probability of recombination between 
adjacent markers was very small, this should be a good approximation of interval mapping. At 
every marker position an F-value was calculated to test the difference between the mean 
phenotypic values for both marker genotypes (homozygous for the recipient allele and 
heterozygous). In analogy with Mangin et al. (1994), the test for QTL location T(d0) was 
calculated as 
T(c4.) = SUPd [F(d)] - F(d0) 
where d0 is the position along the chromosome where we test for QTL presence, and SUPa [F(d)] 
is the highest F-value found at postion d along the chromosome. If T(d) follows a x2  distribution 
with 1 degree of freedom under the null hypothesis (which is that d 0 is the correct position), the 
(14) confidence interval is limited by dieft  and drjghf, being the smallest and greatest value of d0 
such that T(d0) is smaller than X2 i.a (x2 , is the a quantile of a x2  distribution with 1 degree of 
freedom). According to Mangin et al. (1994) this is correct when the QTL effect is non-zero and 
the number of individuals is infinite. They showed, however, that a confidence interval obtained 
in this manner, but using interval mapping with a maximum likelihood approach, can be very 
biased for small QTL effects, particularly when a dense marker map is used. 
This seems also the case when an F-test on single markers is used. In Figure 5.1 the observed and 
expected (under H 0) number of replicates are given in non-cumulative classes, for T(d0) being 
smaller than the theoretical x2  values that would give a = 50, 40, 30, 20, 10, 5 and 1% (but 
greater than the previous class). The expected values are based on a x2  distribution with 1 degree 
of freedom. The total number of replicates was 1000, the heritability of the QTL effect was 0.048 
and the population size was 4000. The observed and expected values were shown to have a 
different distribution, even for the very large population size used here. If the expected 
distribution had been correct, a value of T(d0) (or 'drop-off value) could be used of 3.841 to 
obtain a 95% confidence interval, but applied to those data, the confidence interval would then 
be enormously underestimated. In this study we empirically determine which 'drop off' values 
are more appropriate; i.e. for which value does (1-a)% of the replicates give a confidence interval 
that includes the (true) QTL location. 	 - 
The distribution of the F-values over the chromosome is rather erratic for small or medium sized 
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populations. because a recombination in a relatively extreme individual can make the test 
statistic change quite dramatically on the locus where the recombination is found. As an 
example. Figure 5.2 shows the F-values at all marker positions for S replicates, for a QTL effect 
that explains 4.8% of the total variance and a population size of 100. 
For very large populations the curve is expected to show a monotonic decline from the peak 
value, but in that case the confidence interval is extremely small and reaches the minimum 
possible length given the marker spacing (0.2 cM in this case). A minimum value occurs due to 
the use of single markers: the limits of the confidence interval d1 and d,jgh(  were determined as 
the greatest and smallest value of d0 such that T(d) is equal to a greater than the desired 'drop-
off' value. This means that d-d0 is always equal to or greater than 1 unit of marker spacing, which 
gives a conservative estimate of the limits of the confidence interval. 
When the curve does not show a monotonic decline from the peak value, there are two different 
ways to determine d1e11  and d,. igh( . One can search 'inside-out', which means starting at the locus 
with the highest F-value, and searching outwards until the desired drop in F-value is reached or 
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Figure 5.2 	F-values for the difference between 2 genotypes at each marker position along a 
100 cM chromosome, for a marker spacing of 0.1 cM, when a QTL is simulated 
at locus 250 with h 2Q7., = 0.048, in a first backcross population of 100 
individuals. Results shown for 5 replicated simulations. 
searching inwards until the desired difference in F-value is just exceeded or equalled. F-drop values 
and resulting confidence intervals were calculated for both searching methods and for two 
confidence levels; 90 and 95%. 
Analysis was performed for two different QTL effects. First, a small effect was simulated using 
a difference between back-cross individuals heterozygous and homozygous at the QTL of 1.0 unit, 
with an environmental variance of 5.0 units, so the QTL accounts for 4.8% of the total variance 
(h2QTh  = 0.048). Second, a bigger effect was simulated by using the same difference between homo-
and heterozygotes but with an environmental variance of 1.0 unit, accounting for 20% of the total 
variance (h Q = 0.20). 
The range of population sizes that was analysed is 100 to 500 (with increments of 100) and 800 
to 4000 (with increments of 800). Although for each population size a different 'best' F-drop 
might exist, it was investigated what the implications were of using only one set' drop-off value 
for the whole range of population sizes, for confidence interval as well as for realised percentage 
of intervals including the true QTL-position. 
The effect of a less dense marker map was tested using 101, rather than 1001, markers on a 100 
cM genome, for the full range of population sizes and for the small QTL effect (h2Q = 0.048). 
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All simulations using the 0.1 cM marker spacing were replicated 1000 times and the simulations 
using the 1 cM marker spacing were replicated 10000 times. 
Confidence intervals obtained as described above were compared with the length of the 
confidence intervals obtained by applying the expression given by Darvasi and Soller (1997) for 
backcross populations: 
Cl = 3000 / (N* a ) 
where N = population size: a = standardized (02=1  .0) gene effect. The confidence interval based 
on the distribution of QTL location estimates was also determined empirically, without using 
the above mentioned formula. 
Results 
Figure 5.3 shows the required drop in F-value to find the true QTL-position within the 
confidence interval defined within each replicate for either 95 or 90% of the replicates, using a 
h2( of 0.048 and a marker spacing of 0. 1 cM. Different F-drops are found for each population 
size, as well as for each way of searching for the locations with the desired difference in F-value 
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Figure 5.3 	Required drop in F-value to obtain a 95 or 90% confidence level for QTL 
location, searching from the location estimate outwards (in-out) or from the 
chromosome ends inwards (out-in); h 	= 0.048: 0.1 cM marker spacing: 1000 VM 
replicates: population size between 100 and 4000. 
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(from the chromosome ends inwards or from the highest test value outwards), as well as for the 
two desired confidence levels. The results of Figure 5.3 are also given in numerical form in 
Appendix 5.1. Table 5.1.1. The required drop in F-value seems fairly stable although there is a 
slight decline over the whole range of population sizes. For small population sizes the results in 
Figure 5.3 are somewhat more variable. This is likely to be due to sampling. 
The confidence intervals that are obtained by using the drop-off values from Figure 5.3. are given 
in Table 5.1. In most cases the confidence interval was longer NN hen searching inside-out than 
when searching outside-in. To obtain a confidence level of l-. the drop needs to be great 
enough to result in confidence intervals that are large enough to include the true QTL position 
in (I-c)% of the replicates. To achieve a large enough confidence interval, the drop will be 
higher for searching inside-out' than 'outside-in', because the drop needs to be at least greater 
than T(d) at any position where the F-value has a dip closer to the estimated QTL position. 
where when searching 'outside-in' the drop only needs to be greater than T(d) at a position 
where the F-value peaks on the inside of the desired interval limit. This means not only that the 
required drop-off value will be greater for searching inside-out (Figure 5.3). but also that the 
confidence interval obtained with that drop-off value tends to be a bit larger (Table 5.1). 
Table 5.1 	Confidence intervals (in cM) for the drop-off values shown in Figure 5.3. giving 
95% or 90% confidence when searching from the chromosome ends inwards or 
from the locus with the highest F-value outwards (hh 2QlL = 0.048. 0.1 cM marker 
spacing. 1000 replicates). 
Number of individuals 
100 200 300 400 500 800 1600 2400 3200 4000 
95% outside-in 72.0 5 0. 5 35.5 25.1 21.8 11.0 4.3 2.9 2.0 1.7 
inside-out 77.2 58.9 39.9 31.7 22.6 12.1 4.9 3.3 2.4 2.0 
90% outside-in 61.0 41.4 28.5 19.4 16.2 7.9 3.6 2.3 1.6 1.3 
inside-out 64.7 47.3 30.1 21.4 16.0 8.9 3.7 15 1.8 1.5 
The effect of using one set drop for all population sizes has been investigated for the 'Inside-out -
search method aiming at a confidence level of approximately 95%. To achieve this, the drop in 
F-value was set to 10.0. which is slightly more conservative than the average drop resulting in 
95°A inclusion over the whole range of population sizes (which was 9.59). In Table 5.2 the 
achieved inclusion rate and confidence interval are presented. As expected, the inclusion rates 
















Table 5.2 	Inclusion rates (%) and confidence intervals (cM) when using a set drop in F- 
value of 10.0 for all population sizes. when aiming for 95%  inclusion and using 
n ;r.ci,-1c._t cc'rc'k (113 	= 11 015 fl 1 'M rnrI.er cn1cinø 1000 rrnliritpc 
Number of individuals 
100 	200 	300 	400 	500 	800 1600 2400 3200 4000 
inclusion % 9 6. 33 95.4 95.0 93.7 94.3 94.0 96.4 96.9 97.2 97.3 
conf. mt. 81.2 59.6 40.1 28.8 21.7 11.6 5.6 3.6 2.8 2.3 
confidence interval, and slightly too high in most other cases, giving an overestimate of the 95% 
confidence interval. 
Figure 54 shows the confidence intervals obtained by using the 'best' F-drop values (Table 5.1) 
for 95% confidence and searching outwards (solid line), and the intervals obtained by using the 
set drop of 10.0,.given in Table 5.2 (dotted line). Although the difference between the confidence 
intervals obtained in the different vavs can be up to nearly 20% (for N = 4000), the inclusion rate 
varies very little (between 93.7 and 97.3%). This seems to justify the use of a set value for the 
Figure 5.4 
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Confidence intervals using a variable drop in P--value giving 95% confidence 
(searching from QTL position estimate outwards) and using a fixed drop of 
10.0, for a population size between 100 and 4000 (h 227L = 0.048, 0.1 cM marker 
spacing. 1000 replicates). 
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P-drop rather than resetting this value for each new value of N. 
A larger QTL effect was expected to give a smaller confidence interval. To investigate the effect 
of a higher QTL heritability on the required drop in F-value to obtain a confidence interval 
giving 90 or 95 % confidence levels, the same analysis as above was repeated using h2Q = 0.20 
instead of = 0.04W Again the marker map had a density of 0.1 cM and the analysis was done 
over 1000 replicates. The required drops in F-value are given in Figure 5.5 (the numeric values 
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population size 
Figure 5.5 	Required drop in 1,--value to obtain a 95 or 90% confidence level for QTL 
location, searching from the location estimate outwards (in-Out) or from the 
chromosome ends inwards (out-in); h`QM  = 0.20: 0.1 cM marker spacing: 1000 
replicates: population size between 100 and 4000. 
Required drops are higher for small populations compared to the smaller QTL effect, but lower 
for big populations. The difference for small populations could be due to sampling. The steeper 
decrease in required drop with increasing population size, compared to the smaller QTL effect. 
makes it more difficult to defend using the same fixed drop in F-value for all population sizes. 
Table 5.3 shows the average confidence intervals that are obtained when using the drop-off 
values given in Figure 5.5. As expected. the confidence intervals are much shorter for a larger 
QTL effect. and for the largest population size the minimum value given the 0. 1 cM marker 
spacing. which is 0.2 cM. is nearly reached on average. This suggests that in many replicates the 
- 53 - 
marker spacing has actually been limiting. Further analysis showed that this was indeed the case: 
for N = 4000. 95% confidence and searching outside-in and inside-out, in respectively 39 and 
19% of the replicates the confidence interval was 0.2 cM (for 90% confidence this was 73 and 
49°A. respectively). In this subset of replicates. a further decrease of the drop-off value has no 
effect, because the confidence interval cannot be shortened any further. and the inclusion rate is 
always 100%. When searching from the locus with the highest F-value outwards and aiming for 
95% confidence. the number of replicates that reached the minimum length of the confidence 
interval was the smallest of the four methods. To avoid problems caused by reaching this 
minimum, for further comparison of different T , -drop values, method '95 in-out' was used. 
Table 5.3 	Confidence intervals (in cM) for the drop-off values shown in Figure 5.5. giving 
95% or 90% confidence when searching from the chromosome ends inwards or 
from the locus with the highest F-value outwards (h ( , 77 = 0.20. 0.1 cM marker 
spacing. 1000 replicates). 
Number of individuals 
100 200 300 400 500 800 1600 2400 3200 4000 
95% 	outside-in 22.5 9.3 5.4 3.9 3.2 1.8 0.8 0.5 0.5 0.3 
inside-out 25.5 9.4 6.2 4.1 3.4 2.0 1.0 0.6 0.5 0.4 
900/0 	outside-in 15.8 6.9 4.2 3.0 2.3 1.3 0.7 0.4 0.3 0.3 
inside-out 18.2 7.2 4.4 3.1 2.5 1.4 0.7 0.5 0.4 0.3 
To investigate the effect of using a fixed drop-off for the large QTL effect (h,.JL = 0.20). two 
different approaches were used: setting an F-drop for the population sizes 100 to 500 and a 
different T--drop for population sizes 800 to 4000. and setting the same drop-off value for all 
Population sizes between 100 and 4000. In the first case. 3 options were used: an F-drop equal 
to the average, the maximum and the minimum drop of the 5 population sizes. For the population 
sizes between 100 and 500 this meant using an F-drop of 10.53. 11.38 and 9.87. respectively, and 
for the population sizes between 800 and 4000, a drop of 7.81, 9.75 and 5.42. respectively. As 
in case of h 2 27L = 0.048. a set drop of 10.0 was used as well, over the whole range of population 
sizes. The resulting inclusion rates and confidence intervals are shown in Table 54. 
As expected. using the maximum F-drop gave an inclusion rate that was too high over most of 
the population sizes. and with that overestimated the 95% confidence interval. Using the 
minimum value gave inclusion rates that were too low and so underestimated the 95% confidence 
interval. The average F-drop gave an underestimate for the smallest populations and an 
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Table 5.4 	Inclusion rates and confidence intervals when using set F-drop values for a 
population size of 100 to 500 and of 800 to 4000. using A) the average of the 
5 values for 95% confidence searching from the QTL estimate outwards given 
in Figure 5.5 B) the maximum value: C) the minimum value: or D) the set 
value oi I U.U. iviarer spacing u. 1 CIVI. fl 	= 0.20 1. 1000 replicates. 
Population size 
drop 100 200 300 400 500 
A 1053 Inclusion % 93.9 95.1 94.2 95.8 95.4 
Confidence interval 23.0 9.5 6.0 4.4 3.5 
B 11.38 Inclusion % 95.0 96.1 95.5 96.4 96.6 
Confidence interval 25.5 10.5 6.5 4.8 3.8 
C 9.87 Inclusion% 92.3 93.5 93.1 95.0 94.5 
Confidence interval 20.7 8.7 5.5 4.1 3.3 
D 10.0 Inclusion 0/ 92.4 93.8 93.5 95.1 94.5 
Confidence interval 21.1 8.9 5.6 4.1 3.4 
Population size 
drop 800 1600 2400 3200 4000 
A 	10.53 Inclusion 'Yo 92.0 93,8 96.3 94.8 97.7 
Confidence interval 1.6 0.9 0.7 0.5 0.5 
B 	11.38 Inclusion % 95.0 97.1 98.5 97.3 98.7 
Confidence interval 2.0 1.1 0.8 0.7 0.5 
C 	9.87 Inclusion % 85.6 88.2 91.1 91.5 95.0 
Confidence interval 1.1 03 0.5 0.4 0.4 
D 	10.0 Inclusion % 95.4 97.2 98.6 97.6 98.8 
Confidence interval 2.1 1.2 0.8 0.7 0.6 
overestimate of the 95% confidence interval for the biggest populations. However, differences 
were rather small forN= 100 to 500. ForN= 800 to 4000 the impact of using either the average. 
maximum or minimum drop in F-value over that range of population sizes was much greater. 
although it should be noted that the absolute differences between the drop-off values were bigger 
as well. 
The F-drop of 10.0 gave inclusion rates of slightly less than 95% for the smallest populations. 














biggest population sizes and gave an overestimate of the confidence interval. This is more clearly 
visible in Figure 5.6, in which the percentage of intervals containing the QTL position (inclusion 
rate) is plotted against population size. None of the values gave a particularly satisfactory 
inclusion rate over the whole range of population sizes. If an experiment is carried out in order 
to determine the length of the confidence interval as precisely as possible, using a 'set' drop-off 
for different population sizes would not be advisable. However, when a confidence interval is 
calculated in order to compare for example the performance of different selection methods, using 
a 'set' drop of 10.0 for all population sizes might be adequate. 
0 	500 	1000 	1500 	2000 	2500 	3000 	3500 	4000 
population size 
Figure 5.6 	Percentage of confidence intervals including the QTL position over 1000 
replicates, for a variable drop in F-value aiming at 95% confidence, and for a 
fixed drop of 10.0, for population sizes between 100 and 4000 (h 2QTh = 0.20, 0.1 
cM marker spacing). 
The required drop-off values for a less dense marker spacing of 1 cM and a small QTL effect 
(h2 = 0.048), determined over 10,000 replicate simulations, are given in Table 5.5. The valuesQM 
are decreasing rather quickly with increasing population size, and the rate of decrease seems to 
be similar for all four methods. For a population size of 4000 the drop-offs are undefined, 
because the inclusion rate then equals approximately 96%, so for whatever drop-off is used, the 
inclusion is always greater than 95 or 90%. The confidence interval is then for all replicates 2 
cM, which is the minimum possible value with a marker spacing of 1 cM. In case of a larger QTL 
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effect this limit will be reached even faster, so this has not been further investigated. 
Comparing the drop in F-values in Table 5.5 with values for the denser marker map (Figure 5.5), 
it seems that a denser marker map requires a greater F-drop off. Lander and Botstein (1989) 
found the same for the required LOD drop to determine an appropriate threshold for QTL 
detection. 
Table 5.5 	Required drop in F-values to give 95 or 90% inclusion (highest F-value found 
within the interval) for searching from the chromosome ends inwards or from 
the locus with highest F-value outwards, h'QTL  = 0.048, 1.0 cM marker spacing, 
1vJJJ !p11aL. 
Number of individuals 
100 	200 	300 	400 	500 	800 	1000 4000 
	
95% outside-in 	6.15 	5.93 	5.48 	5.45 	5.20 	4.47 	4.30 	- 
inside-out 	8.81 	9.08 	8.83 	8.64 	8.77 	7.90 	7.61 	- 
90% outside-in 	4.59 	4.48 	4.06 	3.94 	3.77 	3.08 	2.79 	- 
inside-out 	7.03 	7.35 	7.06 	6.92 	6.78 	5.78 	5.51 	- 
Table 5.6 summarises the approximations of 95% confidence intervals obtained by different 
methods. The first two methods are as described above as 95% 'in-out' and 'out-in', the third 
method is the empirical method using the distribution of loci with the highest F-value and 
excluding 5%, and the fourth method is calculating the interval using Darvasi and Soller's 
expression (Darvasi and Soller, 1997). Confidence intervals are calculated for population sizes 
between 100 and 4000, for the dense marker map (0.1 cM) and for both sizes of the QTL effect 
(h 2QTh = 0.048 and h'QTL = 0.20). 
It can be seen that the empirical method based on the distribution of QTL position estimates is 
in most cases in good agreement with Darvasi and Soller's formula. For very small confidence 
intervals the latter method gives slightly higher values than the first method, which can be 
(partially) due to marker spacing. Also, for the very largest confidence intervals (N = 100, h22Th  
= 0.048), the empirical method is limited by the length of the genome (100 cM), where the 
formula does not have any such limitation. 
Both methods are not in agreement with values found by methods based on inclusion rates over 
replicates (in-out and out-in). 'In-out' tends to give slightly higher confidence intervals than 
'out-in' (as explained before), but both estimates are always lower than the estimates for the 
other two methods. 
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Table 5.6 	Confidence intervals calculated using a variable drop in F-value so that 95% of 
the intervals including the QTL location, searching from the locus with the 
highest F-value outwards ('in-out') or from the chromosome ends inwards 
('out-in'), using the distribution of QTL position estimates ('count'), or using 
Darvasi and Soller's formula ('Darvasi'). Empirical values are determined over 
1000 replicates for a marker density of 0.1 cM. For h' 2,L = 0.048 and /r' = 
0.20; population size Nbetween 100 and 4000. 
h2QTh = 0.048 h2Qu = 0.20 
N in-out out-in count Darvasi in-out out-in count Darvasi 
100 77.2 72.0 96.0 150.0 25.5 22.5 30.4 30.0 
200 58.9 50.5 79.2 75.0 9.4 9.3 13.6 15.0 
300 39.9 35.5 49.7 50.0 6.2 5.4 9.7 10.0 
400 31.7 25.1 34.7 37.5 4.1 3.9 6.2 7.5 
500 22.6 21.8 35.7 30.0 3.4 3.2 5.2 6.0 
800 12.1 11.0 18.9 18.8 2.0 1.8 2.9 3.8 
1600 4.9 4.3 7.3 9.4 1.0 0.8 1.5 1.9 
2400 3.3 2.9 5.0 6.3 0.6 0.5 1.0 1.3 
3200 2.4 2.0 3.5 4.7 0.5 0.5 0.8 0.9 
4000 2.0 1.7 3.0 3.8 0.4 0.3 0.6 0.8 
Discussion 
The F-distribution with 1, n degrees of freedom is equivalent to a chi-squared distribution with 
one degree of freedom for large values of n. Lander and Botstein (1989) assumed that the LOD 
score is asymptotically distributed as '/2(loglOe) 2 and used a one LOD drop to find a support 
interval for QTL location (which should give a 96.8% support level, as stated by Mangin et at. 
1994). In analogy with this, when using a simple F-test rather than a maximum likelihood 
approach, one would expect a 3.84 drop in F-value to give an approximate 95% support interval. 
Van Ooijen (1992) and Mangin et al. (1994) have shown that there are problems with the 1 LOD 
drop and the level of support can be a lot lower than expected. In the theory section of this 
chapter it has been shown that a 3.84 F-drop does not necessarily give the expected level of 
support either. Without interpolation between tested locations (interval mapping) and while 
using a very dense marker map, the test statistic T(d0) did not follow a chi-squared distribution 
for a fairly small heritability (h 2 = 0.048), although a great number of individuals (N = 4000) 
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was used (Figure 5.1). 
Mangin et al. (1994) state that small heritabilities can cause a great bias, and they developed an 
unbiased method of calculating threshold values for confidence intervals. Interestingly, those 
threshold values are alot greater than 3.84 or 2.71 (for 90% confidence), and closer to the value 
of 10.0 that was shown to give satisfactory results in this study. This study confirms their finding 
that the value of 3.84 can give an enormous underestimation of a 95% confidence interval, 
depending on marker spacing, population size and heritability. 
The curve produced by plotting the F-values at all marker loci along the chromosome, when 
using a dense marker map, tends to be very erratic (Figure 5.2), presumably due to the lack of 
recombinations between neighbouring marker loci. If recombination is rare, an individual with 
an extreme phenotype can have a large influence on the test statistic at loci close to where this 
animal has a recombination. By increasing the number of individuals, the number of 
recombinants would rise, so decreasing the influence of extreme individuals and smoothing out 
the curve. When the curve becomes smoother, the two methods of searching for the loci with the 
required drop in test statistic (from the chromosome ends inwards and from the highest test value 
outwards) are expected to converge. However, this could not be shown in the results. 
A larger QTL effect will increase the value of the test statistic for the difference between the two 
genotypes at marker loci close to the QTL. For small populations there will be not much 
recombination around the QTL, so the curve is not decreasing very fast for any heritability. This 
can explain why the required drop in F-value is similar for the smallest populations for h2 QTh = 
0.048 and h2Q7L = 0.20. However, when the population size increases, the number of 
recombinations around the QTL will increase as well, and the F-values will drop faster for the 
large QTL effect than for the small QTL effect, resulting in a lower required drop in F-value to 
obtain 95% inclusion. 
With increasing population size and QTL effect another problem starts to play a role: the support 
interval can become so short that the marker spacing becomes limiting. Although an average 
minimum confidence interval of 0.2 cM (for the 0.1 cM marker spacing) will not easily be 
reached, it will occur in an increasing number of replicates, and so cause the average confidence 
interval to be overestimated. Only when in more than 95% of the replicates the marker spacing 
is limiting, the required drop in F-value should be affected. In that case the required drop can no 
longer be defined, because whatever value is used the inclusion will also be at least 95%. This 
is an artefact of testing only at marker positions rather than also at positions in between. 
The 101 F-values calculated for the 1 cM marker density form in fact a subset of the 1001 F-
values calculated for the 0.1 cM marker density, leaving out the 9 values between every 10th 
marker. It is expected that leaving out those values will make peaks and dips in the connecting 
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curve less severe or that it will cut out some extremes all together. As a result, a smaller drop will 
be sufficient to obtain a confidence interval around the estimated QTL position that contains the 
true QTL position in a single replicate, because less 'valleys' need to be crossed. This effect 
shows quite clearly when values in Figure 5.3 are compared with values in Table 5.5; the 
required drop is always lower for a 1 cM marker spacing than a 0.1 cM marker spacing. The 
minimum possible confidence interval is 10 times longer than for the denser marker map, so this 
situation is reached with much less individuals, particularly for the higher heritability. 
It can be questioned if even by using interval mapping on a very dense marker map T(d) will 
ever be chi-squared distributed. It could be postulated that this is only the case if the confidence 
interval is small enough to fall in between two markers, so the curve is per definition smooth, 
and no calculations across markers need to be carried out that would cause irregularities in the 
curve. This could fit in with the statement of Darvasi et at. (1993), that there is no need to use 
a marker spacing that is smaller than the expected confidence interval. It could be so that to make 
the classical theory hold, the marker spacing has to be equal to or wider than the expected 
confidence interval, i.e. sparser for small QTL effects and small populations, denser for large 
QTL effects and bigger populations. Results in this chapter do not disagree with this theory, but 
are insufficient to -prove it and further work would be needed for this. 
When using single marker tests rather than interval mapping, the classical assumptions as 
described by Lander and Botstein (1989) never hold. However, the empirical methods as 
described in this study provide a very useful means of determining the appropriate drop in test 
statistic, which enables us to make valuable statements about the precision of the QTL position 
estimate. 
In this study the appropriate F-drop was determined based on 95% of the intervals (replicates) 
including the QTL, and from that, the average length of the confidence interval over replicates 
was calculated. This is not the same as the empirical confidence interval suggested by Darvasi 
et at. (1993) and Darvasi and Soller (1997). They looked at the distribution of QTL position 
estimates across replicates, and determined the loci for which 95% of the observations are within 
those limits. This will give an interval in which we can expect the QTL with 95% confidence 
upon repeated sampling. When using interval mapping and a sufficiently sparse map, the length 
of confidence intervals calculated using their method would be expected to agree better with 
results in this study than could be shown in Table 5.6. In the asymptotic case the confidence 
interval obtained from the distribution of the QTL position estimates over replicates is expected 
to converge with the mean of the confidence intervals per replicate. Results in this chapter show 
that for a dense marker map this asymptotic situation is never reached, so using the expression 
from Darvasi and Soller (1997) would be inappropriate. 
am 
In the practical situation of a mapping/introgression experiment, there would be not more than 
one replicate available. Using the method outlined in this chapter, many replicates are needed 
to determine the required drop-off in order to obtain the correct confidence interval. The 
bootstrap approach offers a solution, because by creating many bootstrap samples based on the 
available data it determines empirically the appropriate confidence interval based on all now 
available information. A confidence interval obtained in this way has been shown to give a 
confidence level close to the expected level (Visscher et al. 1996b). 
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Appendix 5.1 
The values presented in Table 5.1.1, the required drop-off values to obtain either 95 or 90% 
inclusion while searching 'inside-out' or 'outside-in' for h2 QTh = 0.048, are used to plot Figure 
5.3 in the Results section, and the values in Table 5.1.2 (for h' 27L = 0.20) are used to plot Figure 
5.5 in the Results section. 
Table 51.1 	Required drop in F-value to give 95 or 90% inclusion over 1000 replicates (so 
the highest F-value is found within the confidence interval of that replicate in 
95 or 90% of the cases) for searching from the chromosome ends inwards 
('outside-in') and from the locus with highest F-value outwards ('inside-out'). 
u.u'ô; V. i clvi iiiaitei spacing. 
Number of individuals 
100 200 300 400 500 800 1600 2400 3200 4000 
95% outside-in 6.42 6.39 6.58 6.22 7.00 6.34 5.18 5.34 5.01 5.16 
inside-out 9.13 9.88 9.94 10.66 10.28 10.30 9.07 9.10 8.85 8.65 
90% outside-in 4.86 5.10 5.27 4.84 5.18 4.45 4.15 4.07 3.72 3.80 
inside-out 7.18 8.32 8.19 8.23 8.23 8.44 7.27 7.46 6.76 6.62 
Table 5.1.2 	Required drop in F-value to give 95 or 90% inclusion over 1000 replicates (so 
the highest F-value is found within the confidence interval of that replicate in 
95 or 90% of the cases), searching from the chromosome ends inwards 
('outside-in') and from the QTL position estimate outwards ('inside-out'). h2 27L 
= 0.20; 0.1 cM marker spacing. 
Number of individuals 
100 200 300 400 500 800 1600 2400 3200 4000 
95% outside-in 	7.8 7.4 7.0 6.9 6.8 6.4 5.0 4.1 4.4 2.9 
inside-out 	11.4 10.4 10.8 9.9 10.2 9.8 8.5 7.4 7.9 5.4 
90% outside-in 	5.5 5.4 5.2 4.9 4.7 4.2 3.7 2.6 2.4 1.0 
inside-out 	9.0 8.6 8.1 7.6 7.7 6.9 6.0 5.0 4.7 2.7 
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6 	
The effect of different backcrossing 
schemes on efficiency of introgression and 
accuracy of estimating the QTL position 
Introduction 
Gene introgression programmes usually aim at transferring a gene influencing an economically 
important trait from a donor population into a commercial recipient line or breed. This is 
typically done by several generations of backcrossing to the recipient line, in order to retain the 
introgressed gene in the crossbred individuals, and at the same time to recover as much of the 
recipient genotype as possible. 
The linkage drag or quantity of donor genome linked to the introgressed gene that is not removed 
by repeated back-crossing can be substantial, even in advanced backcross generations (Young and 
Tanksley 1989). With the aid of genetic markers the proportion of donor genome can be greatly 
reduced, which has been studied in theory by Stam and Zeven (1981), Hillel et at. (1990) and 
Hospital et at. (1992), and also has been shown in practice by Yancovich et at. (1996). 
In all those studies heterozygotes and homozygotes for the introgressed allele were directly 
identifiable, with full reliability. Direct identification of the introgressed gene will often be 
impossible when the gene influences a quantitative trait. However, successful identification will 
be possible even in advanced (backcross) generations by using a tightly linked marker bracket, 
as long as marker alleles are unique to the respective parents (Van Heelsum et at. 1997; Chapter 
4). This requires a precise position estimate of the QTL, which is often not available. 
To remove as much of the donor genome around the introgressed allele as possible, Hospital et 
at. (1992) argue that a close marker bracket around a completely identifiable QTL is useful only 
in later backcross generations, while in earlier generations a more distal bracket should be used. 
This also holds when the marker bracket is used to identify an inprecisely mapped QTL at the 
beginning of an experiment. In earlier generations the bracket should be fairly wide to increase 
the probability of including the QTL position between the markers. In later generations, when 
recombination has had the chance to build up, the markers should be very close to minimise the 
chance of recombination between marker and QTL and to minimise linkage drag. This implies 
that at the beginning of the backcrossing scheme there is no need for the QTL position to be 
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known very precisely, although later on this becomes more important. 
If from every backcross generation genotypic and phenotypic information were collected, it 
would be possible to improve the position estimate during the introgression process and to obtain 
a higher precision when this is needed. Such an approach has two advantages. First, it joins two 
processes that are usually carried out separately and consecutively, namely (fine) mapping a QTL 
and introgressing a QTL in a commercial strain to produce a new, better product. Joining the two 
processes will save a lot of time, which is particularly important for species with long generation 
intervals. Second, the estimation of QTL size and effect will be more precise, because the 
backcrossing will eliminate unwanted donor genome which could, for example, cause epistatic 
effects that obscure the single QTL effect (Tanksley and Nelson 1996). 
In this chapter an integrated approach is proposed for fine mapping and introgressing a QTL, 
where data are collected over five generations of backcrossing. The tested strategies are aiming 
at retaining the introgressed QTL-allele as well as recovering the recipient genome, while the 
QTL position estimate is further improved. The methods are compared as to their performance 
for all three goals. This work was initiated with a pig breeding situation in mind, but some of the 
assumptions might be more relevant to a plant breeding situation. However, the validity of the 
theory does not depend on the species that is used. 
Model and methods 
In this study, five generations of backcrossing were investigated, as part of an introgression 
scheme set up to introgress a QTL from a donor into a recipient population. The map position 
and size of the QTL were not known beforehand but were estimated and updated every 
generation using a single marker approach. However, it was assumed to be known that there was 
only one QTL present rather than a number of closely linked QTL. The available marker map was 
very dense with 1001 di-allelic markers equally spaced on a 100 cM chromosome, including the 
ends of the chromosome. This marker spacing of 0.1 cM was chosen to approximate an infinite 
marker density, so the QTL could be assumed to be located on top of a marker. The base 
populations were homozygous for the alternative alleles at all loci, so in the first backcross 
generation on average 50% of the marker loci over all individuals were heterozygous and at 50% 
of the loci no copy of the donor allele was present at all. This models an idealised situation which 
might currently be closer to plant breeding reality than a livestock breeding situation. 
With livestock breeding in mind the existence of male and female individuals was assumed. Only 
males were selected from the crossbred population, to be backcrossed to females from the 
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recipient population. All recipient individuals were homozygous at all loci, so all genetic 
variation in the progeny was caused by the sire, and the family structure could be ignored. 
The analysis was carried out using phenotypic data accumulated per genotype at each locus over 
all generations up to and including the current one. This implies that the selection was based on 
QTL information from an increasing quantity of data. The presented results are means over 100 
replicates. 
A QTh was simulated at 25 cM from one end of the single chromosome, causing a difference of 
1.0 unit between heterozygotes and homozygotes. The only other effect influencing the 
phenotype was an environmental effect with a variance of 5.0 units. This means the QTL 
accounts for 4.8% of the total variance (h2Q7L = 0.048). Because there are no other QTL 
influencing the phenotype, there is no background genetic variance that through selection could 
bias the results of the analysis. 
An F-value to test the difference between the two genotypes was calculated at all 1001 marker 
loci. The locus with the highest F-value was taken as the estimated position of the QTL. An 
approximate 95%-confidence interval of the QTL position was defined as the interval including 
all points where the F-value is higher than the maximum value minus 10.0. The 'drop-off' value 
of 10.0 was used because it has been shown empirically to give a reasonable approximation of 
a 95% confidence interval over a great range of population sizes, for a heritability of the QTL 
of 0.048 and a marker spacing of 0.1 cM (see Chapter 5). The limits of this interval were found 
by searching from the locus with the highest F-value outwards, until the loci on either side were 
found at which the F-value was at least 10.0 units lower than the maximum value. This implies 
that the minimum length of the confidence interval was 0.2 cM (when the desired drop is 
exceeded at the loci neighbouring to the locus with the highest F-value). 
A number of parameters was varied from the base situation, in order to investigate what effect 
those parameters had on the success of the different selection strategies. An overview of the 
parameter values in the base situation and the variations is given in Table 6.1. 
The two different population sizes that were tested were 100 and 800. Because data were 
accumulated over generations, this meant that in the fifth generation the analysis was based on 
500 and 4000 individuals, respectively. Not only the population size will play a role in the 
success of a selection strategy, but also the selection intensity. In the case of the small 
population, in the base situation 5 crossbred male individuals were selected out of a total of 50 
male offspring (giving a selected fraction of 0.10). They produced 20 offspring each, 10 males 
and 10 females. For the bigger population of 800 individuals, in the base situation 10 sires were 
selected out of 400 male offspring, which gave a four times higher selection intensity than in the 
small population (a selected fraction of 0.025). Each sires produced 80 offspring. To investigate 
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Table 6.1 	Parameter values in the base situation and the variations there upon that have 
teen investi 
base situation 	 variations 
population size N / 	100 	5 sires, 20 offspring/sire 
selected fraction p (p = 0.10) 
800 	10 sires, 80 offspring/sire 
(p = 0.025) 
heritability of QTL 	0.048 difference between hetero- 
h QTh 	 and homozygotes 1.0; 
environmental variance 5.0 
QTL position 	25 cM from end of chromosome 
Number of generations 5 
Marker spacing 	0.1 cM 1001 markers/l00 cM 
5 sires, 160 offspring/sire 
(p = 0.0125) 
20 sires, 40 offspring/sire 
(p= 0.05) 





(101 markers/100 cM) 
the effect of selection intensity, in the big population the number of selected sires was varied to 
5 and 20 out of 400 (giving a selected fraction of 0.0125 and 0.05, respectively). 
In the base situation the QTL accounted for 4.8% of the total variance (h 2QTh = 0.048). The impact 
of a larger QTL effect was tested by setting the environmental variance to 1.0 (rather than 5.0) 
and keeping a difference between homozygotes and heterozygotes of 1.0, which gave a h',?,,  of 
0.20. The impact of the larger QTL effect was investigated for both population sizes. 
In the base situation, the QTL was simulated at a marker position at 25 cM from one end of the 
chromosome. The effect of changing the position to a more distal or more central position was 
tested by setting the position to 5 and 50 cM from one end, respectively, for the small QTL effect 
and the small population size. 
To see how much further improvement would be possible if selection were carried out over more 
generations, some analyses were extended to 20 generations as well, for the small QTL effect 
(h 2QTh = 0.048) using the small as well as the big population. 
All the above analyses were done using the very tight marker spacing of 0.1 cM. Only the 
situation of the small population size with a small QTL effect (h2 QTh = 0.048) has been repeated 
using a less dense marker map with a spacing of 1 cM (101 markers on 100 cM). A drop-off 
value for the test statistic of 9.0 was used, because in Chapter 5 this was found to be appropriate 
for a 1.0 cM marker spacing. 
NOTOM 
Three selection methods were compared in their capability of retaining the introgressed allele, 
the recovery of the background genotype and the decrease of the length of the confidence 
interval. The three methods were: 
Point selection. Selection was at random from sires that were heterozygous at the locus 
with the highest F-value, which was taken to be the estimated position of the QTL. This 
method was thought to give a high risk of losing the introgressed allele. 
Selected sires had as long a donor region as possible including the locus with the highest 
F-value. This method aimed at reducing the risk of losing the introgressed allele as much 
as possible. The repercussions regarding the other two goals were investigated. 
Selected sires were heterozygous at all loci within the confidence interval and 
homozygous for the recipient allele at as many loci as possible outside the confidence 
interval. If not enough animals could be found that were heterozygous at all loci within 
the confidence interval, individuals were selected with as many heterozygous loci within 
the confidence interval counting from the QTL location estimate outwards. 
All methods used selection based on marker genotype only, and no (direct) selection on 
phenotype was applied. Phenotypic information was used only to gather information about the 
QTL position. 
Results 
Comparing methods in the base situation 
Figures 6.1 and 6.2 show the percentage of animals still having a copy of the desired QTL allele 
for a small QTL effect (h2 QTh = 0.048), a population size of N = 100 (Figure 6.1) and N = 800 
(Figure 6.2). It can be seen that all three selection methods gave a good retention of the 
introgressed QTL allele when the big population was used; when the small population was used 
method 2 and 3 perform well but method 1 gave a slightly depressed retention rate. This suggests 
that when selection is focussed only on the locus with the highest test statistic, often one (or even 
more) sires are not heterozygous at the (true) QTL position, because the QTL position estimate 
is inaccurate. However, in only 1 of the 100 replicates none of the selected sires had the desired 
QTL allele, so the introgressed allele was lost. This happened in the fourth generation. So even 
for a small QTL effect and a small population size, the risk of losing the desired allele is small. 
Figures 6.3 and 6.4 show the percentage of loci homozygous for the recipient allele, for a small 
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backcrossgen eration 
Percentage of individuals with introgressed allele over 5 generations of 
- backcrossing, for 3 different selection methods. N = 100, h2 QTh = 0.048, 0.1 
cM marker spacing. 
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backcross generation 
Percentage of individuals with introgressed allele over 5 generations of 
backcrossing, for 3 different selection methods. N = 800; h2 QTh = 0.048, 0. 1 
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backcross generation 
Percentage of loci homozygous for the recipient allele, over 5 generations 
of backcrossing, using 3 different selectionmethods. N = 100, h2 QTh  0.048, 







2 	 3 	 4 	 5 
backcross generation 
Percentage of loci homozygous for the recipient allele, over 5 generations 
of backcrossing, using 3 different selection methods. N = 800, h2 QTh = 0.048, 
0.1 cM marker spacing. 
This trait was obtained by averaging over all offspring, including offspring completely 
homozygous for the recipient allele (thus also not containing the introgressed allele). It was used 
as a measure of success in recovering the background genotype. 
For method 1 (solid line) the differences between population sizes were minimal; from the initial 
50% in the first backcross generation, the percentage rose to 75.5% (standard error of 0.63) and 
77.5% (s.c. 0.54) for N= 100 and N= 800, respectively, in the fifth backcross generation. 
Method 2 (dashed line) gave a percentage of about 50 for both population sizes and all selected 
fractions, in all 5 generations. This is due to the fact that selecting sires with as many donor 
alleles around the QTL position estimate meant that in virtually all cases only sires completely 
heterozygous (at all loci) were selected, so no improvement was made over the five backcross 
generations and sires were genotypically the same in all generations. 
Only for method 3 (dotted line) a bigger population size gave a better recovery of the background 
genotype. Method 3 gave by far the highest percentage of loci homozygous for the recipient 
allele of all methods when the population size was 800 (which could be expected given that this 
strategy actively selects for recipient alleles outside the confidence interval), but the results for 
N= 100 were not very different from method 1. 
Figures 6.5 and 6.6 show the length of the confidence interval for N = 100 (Figure 6.5) and N = 
800 (Figure 6.6). In those figures the values were also plotted of the confidence interval based 
on a BC population with a corresponding number of animals (100, 200. 300, 400 and 500 for 
the  subsequent generations of the selection schemes when N= 100; 800, 1600, 2400, 3200 and 
4000 forN= 800), using a drop-off value of 10.0 (values taken from Table 5.3). In comparison 
with those reference values, the selection methods 2 and 3 gave no improvement. Only the 
selection used in method 1 seemed to give some shortening of the confidence interval for both 
population sizes, but differences were very small. 
Chanin the selected fraction 
Changing the selected fraction in the big population from 0.025 to 0.0125 and 0.05, respectively, 
made no difference to the retention of the introgressed gene (results not shown). The same could 
be said for the percentage of loci homozygous for the recipient allele as far as method 1 and 2 
were concerned; only for method 3 was there a detectable difference. In the base situation the 
homozygosity was 97.0% (s.e. 0.22), where for the more intense selection it was 97.6% (s.c. 
0.09) and for the less intense selection 96.6% (s.c. 0.12), all in the fifth backcross generation. The 
more intense selection seemed to slightly speed up recovery of the recipient genome. It also 
seemed to decrease the confidence interval more: in BC, the confidence interval was 2.1 cM (s.c. 
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backcross generation 
Figure 6.5 	Length of confidence interval over 5 generations of backcrossing, using the 3 
selection methods described in the text and a BC, population of the same, 















1 	 2 	 3 	 4 	 5 
backcross generation 
Figure 6.6 	Length of confidence interval over 5 generations of backcrossing, using the 
3 selection methods described in the text, and a BC, population of the same, 
increasing size ('reference'). N = 800, h2 Q77 = 0.048, 0.1 cM marker spacing. 
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and the less intense selection gave 2.2 cM (s.e. 0.08). Method 2 gave no differences in confidence 
interval, but method 1 did. In the base situation the confidence interval was 1.9 cM (s.e. 0.09) 
in BC 5, but for the more intense selection the confidence interval was bigger: 2.0 cM (s.e. 0.09), 
and for the less intense selection it was smaller: 1.7 cM (s.e. 0.08). This might be because, when 
20 sires are selected, there is more chance of finding informative recombinations close to the 
QTL location amongst them than when only S sires are selected. 
Size of OIL effect 
A larger QTL effect had the same impact on the percentage of animals with the positive QTL 
allele as increasing the population size: for all selection methods the percentage was increasingly 
close to 50 (results not shown). 
An increased QTL effect had hardly any impact on the recovery of the background genotype 
using method 1: the percentage of loci homozygous for the recipient allele was then 76.7 (s.e. 
0.58) in BC, forN= lpo and 78.2(s.e. 0.57) forN= 800. Method 2 also showed no difference 
(as expected), but-method 3 showed improvement. In BC 5 the percentage of loci homozygous 
for the recipient allele is 92.6°i(s.e. 0.25) for N= 100 (compared with 77.8% (s.e. 0.87) for h 2QTh 
= 0.048) and 98.8% (s.e. 0.04) for N = 800 (compared with 97.0% (s.e. 0.09) for h2 27L = 0.048). 
In the case of the larger QTL effect, method 3 always outperformed the other two methods, even 
for the small population size. 
The confidence intervals decreased markedly by using the higher heritability, which was true for 
all methods. The actual values are given in Table 6.2, for the three selection methods and as a 
reference for the corresponding number of animals of a BC, population (taken from Table 5.4-D). 
Again, method 2 and 3 gave results that were hardly any different from no selection ('reference'). 
Method 1 seemed to do slightly better again, although for N = 800 the difference with the 
reference values were very small. The confidence interval was becoming so small in BC 5 , that 
the minimum possible value of 0.2 cM given the 0.1 cM marker spacing would have been 
reached in some replicates, resulting in an overestimation of the true confidence interval and a 
decreased difference between the methods. 
Different OIL position 
In the base situation the QTL is simulated at 25 cM from the 'left' end of the chromosome. For 
= 0.048 andN= 100, an average confidence interval was found of about 80 cM (Figure 6.5). 
Assuming a symmetric confidence interval, at least 40 cM on either side of the QTL should be 
available not to have the confidence interval cut off by the end of the chromosome. This suggests 
that the 'left' end of the chromosome has indeed limited the size of the confidence interval. By 
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Table 6.2 	Length of the confidence interval for 5 generations of backcrossing and 3 
different selection methods, and for a BC, population ('reference') with the 
same number of observations (i.e. for a population size of 100 and 800 that is 
100 to 500 and 800 to 4000, respectively). W ., = 0.20, 0.1 cM marker spacing. 
Ntanaarcl errors in superscript (over I UU replicates). 
Population size 100 




































Population size 800 
generation 	method 1 method 2 method 3 reference 
0.09 






























simulating the QTL at a position 5 and 50 cM from one end of the chromosome, some effects of 
this restriction could be investigated. Trends were not very different for the three selection 
methods, so as an example the results for method 1 are presented in Table 6.3. 
When the QTL was simulated at 5 cM from the 'left' end, in the first generation the 'right' limit 
is more than 75 cM away, suggesting that when the QTL was simulated at 25 cM from the 'left' 
end, even the 'right' end of the chromosome would cut off the confidence interval in many 
replicates. When the QTL was simulated in the middle of the chromosome, both limits of the 
confidence interval seemed to be well away from the ends of the chromosome; on average about 
10 c on both sides (se. 1.7, so s.d. 17) in the first generation, suggesting that only in a much 
smaller number of replicates the chromosome ends were limiting. The right limit did not change 
at an equivalent rate to the simulated position of the QTL: from 81.6 to 84.6 to 90.5 cM from the 
'left' end, compared with 5, 25 and 50 cM. This suggests that another factor plays a very 
important role in the bias caused by the QTL position. Just by chance, the locus with the highest 
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Table 6.3 	'Left' and 'right' limits of the confidence interval (in cM from the 'left' end of 
the chromosome), length of the c.i. (in cM), percentage of animals with the 
desired QTL allele (retention) and percentage of loci homozygous for the 
recipient allele (recovery) using selecting method 1; for the QTL simulated at 
5, 25 or 50 cM from 'left' end of the chromosome, over 5 backcross 





confidence interval (cM) 
left limit 	right limit 	length retention % recovery % 






















































































































































F-value can be found on the right hand side of the real position much more often than at the left 
hand side when the QTL is simulated at 5 cM from the 'left' end of the chromosome. The average 
QTL location will be estimated much further to the right than when the QTL is simulated exactly 
in the middle of the chromosome, and also the limits of the confidence interval are more often 
found to the right of the unbiased position. 
Although the confidence interval is more biased for non-central QTL locations, this had no effect 
on the retention rates (also given in Table 6.3), which were fairly similar for the three different 




























of the confidence interval is shorter the more limiting the chromosome ends are, although the 
chance effect tends to overestimate the length of the interval at the opposite end), but there is no 
reason to assume the confidence level has decreased. The opposite effect could be noticed for the 
percentage of loci homozygous for the recipient allele (recovery of the background genotype); 
the recovery was lower for a more central position. 
More generations 
Extending the backcrossing programme to 20 generations gave a further decrease in the length 
of the confidence interval and an increase in the percentage of loci homozygous for the recipient 
allele in the population for N= 100 (Figure 6.7). The retention of the introgressed allele remained 
virtually at the same level as over 5 generations (results not shown); for method 1 around 46%, 
for method 2 around 50% and for method 3 around 49% (although in 1 replicate the allele was 
lost in the second generation and in 1 replicate in the fourth generation, lowering the average 
percentage of individuals with the introgressed allele over all subsequent generations). For 
method 1. after 20 generations in 4 out of 100 replicates the introgressed allele was lost. 
_.-_method 1 -- - method 2 ...... method 3 
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backcross generation 
Figure 6.7 	Length of the confidence interval (triangular markers) and percentage of loci 
homozygous for the recipient allele (square markers) for the three selection 
methods described in the text, over 20 generations of backcrossing. Marker 
spacing is0.l cM,N= 100,h 2 0.048. 
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For the bigger population (N = 800) all three methods gave an average retention of the 
introgressed allele very close to 50% and only in 1 replicate the allele was lost (in generation 15, 
method 3). The recovery of the background genotype improved further after generation 5 for 
method 1 and 3 and the average percentage of loci homozygous for the recipient allele in 
generation 20 was 94.2%,50. 1% and 99.5% for method 1, 2 and 3, respectively. The confidence 
intervals came down to 0.56, 0.71 and 0.66 cM for method 1, 2 and 3, respectively (results not 
shown). 
Less dense marker map 
In Table 6.4, a comparison is made between the results for the 0.1 cM marker spacing and for a 
1.0 cM marker spacing, for the small population size and QTL effect, with respect to the 
percentage of individuals retaining the introgressed allele, the percentage of loci homozygous 
for the recipient allele and the length of the confidence interval. It can be concluded that there 
is only a very small difference between results obtained with the different marker spacings; not 
more than could be expected by chance. 
Discussion 
The three selection methods were compared with respect to three goals: their ability to retain the 
introgressed gene, to recover the background genotype and to improve the accuracy of the QTL 
position estimate. With regard to the first goal, the second selection method (selection for as 
many donor alleles around the estimated QTL position) works extremely well, but the 
performance for the second goal is very poor. This method in fact created generations that were 
genotypically equal to the first backcross generation, although the individuals were second to 
fifth backcrosses. The point selection (method 1) gives a much better recovery of the background 
genotype, but method 3, that actively selects for background genome, gives by far the best 
performance for this goal. 
The differences between the three selection methods for the third goal, reducing the length of the 
confidence interval, are very small and results are hardly distinguishable from the reference line 
based on an unselected (BC 1 ) population. The selection strategies do not succeed in reducing the 
confidence interval further than based on the increased number of observations could be 
expected. This lack of success becomes even more obvious when selection is made more 
stringent, which should give improvement (if the right criteria were used) but fails to do so. 
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Table 6.4 	Comparison of 0.1 cM marker spacing and 1.0 cM marker spacing, for the 3 
selection methods described in the text, over 5 generations of backcrossing, 
with regard to percentage of animals with the desired QTL allele, percentage of 
loci homozygous for the recipient allele and length of the confidence interval. 
N= 100, W om = 0.048, 100 replicates, standar(I errors in 
Percentage of animals with desired QTL-allele 
method 1 	 method 2 method 3 
BC gen. 0.1 cm 	1.0 cm 0.1 cm 1.0 cm 0.1 cm 1.0 cm 
50.8 



















































Percentage of loci homozygous for the recipient allele 
method 1 method 2 method 3 























































Length of confidence interval (cM) 
method 1 method 2 method 3 


































































Particularly for method 3, there is a strong relationship between the length of the confidence 
interval and the homozvgositv on the rest of the genome. Selecting for donor alleles within the 
confidence interval means selecting against recombination close to the estimated QTL position, 
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which restricts further improvement in precision of the QTL position estimate, but reduces the 
risk of losing the desired QTL allele. However, recombination further away (just outside the 
confidence interval) is promoted. The shorter the confidence interval, the more selection pressure 
there is on recovery of the background genotype, and this proves to be very effective. 
The percentage of loci homozygous for the recipient allele and the percentage of the genome 
taken up by the confidence interval (=length of the confidence interval in cM), do not add up to 
100, because the percentage of loci homozygous for the recipient allele is an average over all 
individuals, including all the individuals that have no donor alleles at any locus at all. Those 
animals would be discarded for further use in the introgression programme, but can form up to 
a half of the population. For example, in generation 20 it is quite likely that non-carriers have no 
or hardly any donor alleles at all, because during previous generations of selection the number 
of donor alleles has been reduced substantially, and even in event of a crossing over the resulting 
offspring would often still be homozygous for the recipient allele at all loci. This would mean 
that the 50% non-carriers have almost 100% of the loci homozygous for the recipient allele, so 
the remaining 50% carriers must have over 88% of the loci homozygous for the recipient allele, 
to make up the average of 94% given for method 3, generation 20 in Figure 6.7 (in case of h 2 2a
= 0.048 and N = 100). In case of a bigger population or higher heritability this percentage is even 
higher. 
The relationship between confidence interval and recovered recipient genome can also slow 
down the recovery, as was shown in Figures 6.3 and 6.5. The confidence interval is 
approximately 80 cM in the first backcross generation, so animals selected using method 3 will 
ideally have only 20% of the loci homozygous for the recipient allele. From their offspring, on 
average 60% ( = (20+100)/2 )of the loci will be homozygous for the recipient allele, while in case 
of N= 800 the confidence interval was only about 12 cM in BC, (Figure 6.6), giving a maximum 
of 94% of the loci of the offspring homozygous for the recipient allele. A percentage of 54 and 
83 has been achieved in BC, (Figure 6.3 and 6.4). 
Although point selection (method 1) was thought of as a method that would give an increased 
risk of losing the introgressed gene, the gene is hardly ever lost at all. Method 1 also performs 
well in recovering the background genotype and in decreasing the confidence interval. The 
reason might be that the estimate of the QTL position is quite good; maybe not yet in the first 
generation (but then there is not much recombination around the QTL yet), but the estimate is 
updated and improved every generation, when more recombination is expected to be found close 
to the QTL. This gives the opportunity to correct 'mistakes' that were made in earlier 
generations; if a sire was selected that has donor alleles in the incorrect region (but at the time 
not yet known as being incorrect), his offspring will be rejected in favour of other animals that 
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do have donor alleles in the correct region. 
There was remarkably little difference between results obtained with the 0. 1 cM marker spacing 
and results obtained with the 1.0 cM marker spacing. It was expected that the lengths of the 
confidence intervals would be different, because with a less dense marker spacing the 
conservativeness of the method would have more effect and the highest F-value is less likely to 
be found. If the highest value occurs between markers, the value found as highest (presumably 
on the nearest marker locus) will be lower than the true highest value, so the desired F-value at 
the limits of the confidence interval will be lower as well. Also, the F-value at the loci limiting 
the confidence interval has to be at least 10 units lower than the maximum value, so if this is 
reached in between markers, always the next marker going outwards will be chosen as the limit. 
For a marker spacing of 1.0 cM this implies on average an overestimation of 0.5 cM on both 
sides, while for a marker spacing of 0.1 cM the overestimation is only 0.05 cM on both sides. 
Given both effects, the confidence interval was expected to be slightly longer for the less dense 
marker spacing, giving a slightly better retention and a slightly lower recovery of the recipient 
genotype, but this was not convincingly supported by the data. 
Method 3 gives the best recovery of the background genotype, because there is active selection 
on this trait. However, the method is rather inflexible, because animals heterozygous at all loci 
within the confidence interval are always preferred, so an animal without any recombination at 
all (heterozygous at all loci) will be preferred over an animal heterozygous at all except one locus 
within the confidence interval and homozygous for the recipient allele at all other loci. An index 
combining a value for chance of the introgressed allele to be present (highest for the locus with 
the highest F-value, lowest outside the limits of the confidence interval) and a value for recovery 
of the background genotype, might give a better recovery as well as a good retention of the 
introgressed allele. 
It is rather unsatisfactory that none of the selection methods gave a significant improvement of 
the decrease in confidence interval compared to just increasing the size of a BC population. 
However it is not surprising, as none of the methods actively selects for recombinations close 
to the QTh. Method 2 and 3 even select against this; method 2 because it aims for as long a donor 
strand as possible including the estimated QTL position, method 3 because it aims for a donor 
strand that spans the whole confidence interval without any recombinations closer to the QTL. 
Selecting for recombinations close to the QTL might improve the position estimate further, but 
is likely to increase the chance of losing the desired allele as well. This topic is the subject of 
further research. 
Although phenotypic information is gathered from the first backcross generation onwards, no 
direct use is made of this information to take selection decisions. Selection is based only on 
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marker genotype, and the value of the genotype is determined using the phenotypic data. In a 
practical situation one would also use the phenotypic information directly. If for example 50% 
of the animals have the desired marker genotype (which can be the case when applying selection 
method I. 'point selection'), it would be logical to select the individuals that have the highest 
phenotypic value. The benefit of this approach is that it increases the chance on selecting carriers 
of the desired QTL allele, as those individuals on average will have a higher phenotypic value, 
although this is not a major issue for any of the three methods. If any background genotypic 
variation exists this would be the most obvious approach to make use of this variation, but the 
situation then becomes much more complicated. In the model that is fitted to estimate the QTL 
effect, which in this chapter is a simple comparison between two means, all the extra factors have 
to be taken into account as well, but as long as this has been done properly the methods described 
in this chapter could still be of great use. 
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7 	
Fine mapping a QTL over five 
generations of backcrossing using a 
very dense marker map 
Introduction 
Precise knowledge about the position of Quantitative Trait Loci (QTL) will make it possible to 
introgress valuable QTL from 'wildtype' or 'landrace' species (donor), into already highly 
productive commercial lines or varieties (recipient). In animal breeding, some progress has been 
made in finding QTL of substantial effect (e.g. Rothschild et al. (1996) in pigs and Georges et 
al. (1995) in dairy cattle), but this has not resulted in many newly created lines enhanced for the 
trait influenced by a subsequently introgressed QTL. This is not always the aim of mapping QTL; 
for example in cattle the aim is often to obtain progress within the population by exploiting the 
QTL. When creating a new, enhanced line was the ultimate aim, success has been limited by the 
lack of precisely enough mapped QTL of which the effect is great enough to make introgression 
worth while. Another reason is that finding a QTL and utilising it to improve an existing line 
have usually been two separate, consecutive processes. Tanksley and Nelson (1996) pointed out 
that this not only costs extra time, particularly in species with long generation intervals, but also 
it reduces the probability of successfully using QTL information to create a superior variety. 
Commonly used mapping populations consist of F 2 (second cross) or B (first backcross) 
individuals, that should provide sufficient variation in genotypes and phenotypes for mapping 
purposes. Intercrossing over a greater number of generations increases the number of possible 
recombination events, which will aid fine mapping of a QTL. Darvasi and Soller (1995) 
described the use of advanced intercross lines for mapping purposes, but this is unfortunately 
unsuitable for livestock species, because of the many generations of intercrossing involved. 
Another drawback of using intercross lines is that individuals have donor alleles at relatively 
many loci, so variation is caused by many loci other than the QTL. This increases the chance of 
occurrence of epistatic effects which dilute the effect caused by the QTL. Epistatic as well as 
pleiotropic effects will be hard to detect in an F 2 or further intercrossed population. 
Using (advanced) backcross populations instead might solve this problem, because they contain 
a minimal amount of donor alleles so no unwanted interactions can occur. Eshed and Zamir 
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(1995) suggested to produce a set of introgression lines, and they reported success in the tomato 
plant; Tanksley and Nelson (1996) suggested to analyse advanced backcrosses, because with the 
use of sufficient markers, linkage drag can be reduced and from the mapping population it is 
relatively easy to breed a commercially viable crop variety. They mention as a drawback of using 
advanced backcrosses the decreased power of QTL detection. Darvasi (1997) therefore suggested 
to create interval-specific congenic strains (ISCS), a method that given a QTL is fairly precisely 
mapped already, makes it possible to map it further in a 1 cM confidence interval. This is 
achieved by creating through backcrossing different strains that only differ in the pre-stated 
region, and where every strain has a crossover in a different 1 cM interval within that region. 
Those lines that have the desired QTL allele will be very similar to the desired commercial 
introgression line. 
In Chapter 6 a slightly different approach was chosen. Unlike the methods described above using 
backcross populations to (fine) map a QTL, information from all backcross generations is used, 
and not only from the finally produced inbred lines. In Chapter 6 three selection methods were 
investigated with respect to three goals: retaining the introgressed QTL allele, recovering the 
background genotype and improving the accuracy of the QTL position estimate. The 
performance with regard to the first two goals was satisfactory, but with regard to the third goal 
none of the methods gave improvement over no selection. In this chapter two selection methods 
are described that are specifically aimed at further improving the precision of the QTL position 
estimate, but without losing sight of the final objective of creating a new line enhanced by the 
introgressed QTL. The possibilities are explored of fine mapping a QTL when using phenotypic 
and marker information of a number of consecutive backcross generations in a situation where 
only one QTL is present and no dominance or epistasis occurs. 
Model and methods 
Stochastic simulation was used to investigate five generations of backcrossing of a marker-
assisted introgression (MAI) scheme. In each generation the position of a QTL was estimated 
using the phenotypic information accumulated over the current and previous generations per 
marker genotype class for all marker loci, and this was used as the basis of selection decisions. 
This means that the results presented in this chapter from later generations are based on an 
increasing number of individuals. Selection was aimed at decreasing the confidence interval of 
the QTL-position estimate (as a measure of precision of the estimate) as much as possible, 
without losing the desired QTL allele. Precise knowledge of the QTL position is relevant for 
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further use of the QTL in other experiments (e.g. introgression in another line or in the near 
future maybe positional cloning). 
A very dense marker map was assumed, with markers equally spaced over the 100 cM genome 
on 0.1 cM intervals (1001 markers in total), allowing for the assumption that the QTL could only 
be found on top of a marker. The QTh was simulated at a marker position at 25 cM from one end 
of the chromosome. All markers and also the QTL were diallelic and alleles were unique to the 
base populations. The only genetic factor influencing the phenotype was the QTL, and the only 
other effect on the phenotype was a random environment effect, so there was no background 
genetic variance. Because the recipient parents were all equal and homozygous at all loci, the 
genetic variation in the offspring came only from the crossbred parent and family structure could 
be ignored. 
The average phenotypic difference between individuals homo- or heterozygous for the QTL was 
1.0 unit, and in most simulations the environmental variance was 5.0 units, so the QTL accounted 
for 4.8% of the total variance (h2Q7L = 0.048). As a comparison, some simulations have been 
carried out for a larger QTL effect, when the environmental variance was set to 1.0 (h 2QTh = 0.20). 
The most likely position of the QTL and its 95%-confidence interval were determined by F-test 
comparing the phenotypic value of the two available genotypes at each marker locus. This 
analysis was appropriate because of the assumption that the QTL could only be on top of a 
marker. The limits of the confidence interval were determined as the loci on either side of the 
estimated QTL position for which the F-value is at least 10.0 lower than the F-value at the 
estimated QTL position. This drop-off value was found in Chapter 5 to be reasonable for 
population sizes between 100 and 4000, for a QTL effect of which h2 QTh = 0.048 and for a marker 
density of 0.1 cM. The required drop-off values to obtain exactly 95% confidence levels for the 
range of population sizes used in this chapter, as well as the confidence levels and lengths of 
those confidence intervals resulting from using a 'set' 10.0 drop, are given in Appendix 7.1. 
The assumptions created an idealised situation that might currently be more applicable to plant 
breeding than to livestock breeding, but the priciples are not different between the two. With a 
livestock population in mind, male and female individuals were distinguished. Selection took 
place in the sires, so they were chosen from the crossbred population, while dams were taken 
from the recipient population. 
The results given in this chapter are averages over either 100 or 1000 replicates. 
Two different selection strategies were used which will be discussed in the next section: 
Selection on alternative but overlapping halves of the confidence interval 
Selection on maximum marker variance within and between selected sires 
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Selection on alternative but overlapping halves of the confidence interval 
Males with a single recombination event as close to the centre of the confidence interval as 
possible were identified. Pairs of sires with complementary recombination events were selected, 
making sure that each pair together had at least one donor allele out of four at every locus within 
the confidence interval. Schematically the paternal chromosome can be represented as follows, 
e.g.: 	individual 1: 	000010000000000111111 111111000 
I 	I 	I 
left limit crossover 	right limit 
I 	'1. 	.1. 
complement: 	00 111111111111100000000001000 1 
where '0' represents an allele stemming from the donor population, and '1' an allele stemming 
from the recipient population, 'left limit' and 'right limit' are the limits of the confidence 
interval, which in this case is 20 marker positions (2.0 cM) long. Note that the maternal 
chromosome only contained '1'-alleles, because this always stemmed from the recipient 
population, so this is not displayed. - 
If no exact complement was-available, dotior regions on the paternal chromosome from a pair 
of sires were allowed to overlap, 
e.g.: 	individual 1: 	llOOl000000000000ll 11111111110 
I 	 I 	I 
left limit crossover right limit 
.1. 	.1. 	 -1. 
- 	
complement: 	111111111111100000000000011111 
If no suitable complement was available at all, the individual with a recombination the next 
closest to the middle was selected, and a complement was sought. If no matching pair could be 
selected at all, the sire with the crossover closest to the middle was selected together with the 
individual that was as different as possible (within the confidence interval) from the sire selected 
first (again ignoring the maternal chromosome that only contains '1 '-alleles). Individuals without 
any donor alleles at any locus within the confidence interval were never selected. 
If there was more than one animal that had the smallest distance between desired and available 
position of recombination (not being zero), preference was given to the animal that would give 
a complement that potentially had a recombination closer to the desired locus in case some 
overlap had to be allowed. For example, if two animals were available, both with a recombination 
one position to the left of the desired place, but one animal had donor alleles and the other animal 
had recipient alleles to the left of the recombination, the second animal would be selected. This 
animal would potentially have a complement with a recombination on the same place or to the 
right of where the animal selected first had one, which is closer to the desired place. In diagram: 
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desired place of recombination 
individual 1: 	000010000000001111111111111111 
I 	I 	 I 
left limit available crossover right limit 
	
potential complement: 111111111111110000000000011111 	(no overlap) 
or if no better available, e.g.: 11111111111 1000000000000010000 (2 positions overlap) 
t-a-I 
desired place of recombination 
.1. 
individual 2: 	0000111111111 100000000000I0000 
I 	I 	 I 
left limit available crossover right limit 
potential complement: 0000I0000000001 111111111111111 	(no overlap) 
or if no better available, e.g.: 111 1I000000000001  1111111111110 (2 positions overlap) 
Il-b- 
If both animals had a complement that forced an overlap of 2 marker positions, the distance 
between available and desired place of recombination for the first animal's complement a would 
be 3 marker positions, where the distance b for the second animal's complement would be only 
1 marker position. 
Overlap a 
Apart from the involuntary overlap mentioned above, a desired overlap could be set. This 
implied that there was not one preferred place for recombination in the centre of the confidence 
interval, but two on either side of the centre, and in the central region both individuals of the 
complementary pair had donor alleles. This was meant to increase the percentage of progeny 
having the desired QTL allele and bring it closer to 50%, so increasing the contrast at this locus 
and improving the mapping performance. Values of the overlap a that were tested are apart from 
0.0: 0. 10, 0.25, 0.33 and 0.50, where a is the overlapping fraction of the confidence interval 
centred around the middle of the confidence interval. For example, the ideal match for a value 
of a of 0.25 and a confidence interval of a length of 16 marker positions, would be an animal 
with a recombination at marker position 10 (counting from the left limit of the confidence 
interval) with donor alleles to the left of the recombination, with an animal having a 
recombination at marker position 6 with donor alleles to the right of the recombination: 
individual 1: 	0001000000000011111111111 
I 	I 	I 
left limit crossover right limit 
I 	.1. 	.1. 
complement of 1: 	 0 11111111 10000000000l0000 
I ---- Ioverlapa 
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This leaves a central region of 4 marker positions or 4 / 16 = 0.25 of the confidence interval at 
which all selected sires are heterozygous. 
Overlap 
An adaptation of this approach, which was aiming at giving even more contrast within the 
confidence interval, was to select two rather than one animals having a recombination at one end 
of the overlap, and two with a recombination at the other end, both sets having complementary 
alleles at as many loci within the confidence interval as possible. For example, assume again an 
overlap of 0.25, now depicted by I, of a confidence interval that has a length of 16 marker 
positions, then recombinations would be desired at the sixth and tenth locus within the interval. 
Ideally two pairs of sires would be selected: one pair with a recombination at locus 6 and one pair 
with a recombination at locus 10, and each pair would have one member with recipient alleles 
to the left and donor alleles to the right of the recombination, and one member vice versa. 
E.g. 	individual  
complement of A: 
individual B 
complement of B: 
0001000000111111111111110 
	
I 	I 	I 
left limit crossover 	right limit 
I 	j. 	'I. 
0001111111000000000010000 
I----- I overlap 
11010000000000 11111111111 
I 	I 	I 
left limit crossover right limit 
1l1I11111l111100000010011 
Effectively, this method cutup the confidence interval into three sections rather than two, ideally 
each having maximum contrast at all loci (two animals with a donor allele and two animals with 
a recipient allele). Because sires were selected in complementary groups of four, the number of 
sires always had to be a multiple of four, and not of two (which was the case for the overlap a). 
Values for the overlap P that were tested are apart from 0.0: 0. 10, 0.25, 0.33 (this divided the 
confidence interval in three equal parts) and 0.50. When testing non-zero values for a, P was set 
to zero and when testing non-zero values for P , a was set to zero. 
Other parameters 
In all cases, the limits of the confidence interval were adjusted if the loci at the ends did not show 
any variation (when all sires had the recipient genotype at those loci). The new limit was the first 
locus moving inwards that still showed variation. This situation could occur when the limit of 
the confidence interval moved outwards from one generation to the next, and the donor alleles 
were selected out when the limit was further inwards in an earlier generation. The limits were 
-86- 
reset to avoid selecting animals only having a recombination at the site of the new (reset) limit, 
which is an 'old' recombination originating from an earlier generation, and would not give any 
new information. Because data was accumulated over generations, the limits of the confidence 
intervals would normally be expected to move inwards, but still some fluctuation was possible 
with small populations and small QTL effects. 
The tested population sizes were N = 144 (4 sires, each producing 36 offspring) and N = 640 (8 
sires, each producing 80 offspring). The best combination of a and I. was investigated for the 
small QTL effect (h'.. = 0.048) for both population sizes and for the large QTL effect (h2 QTL = 
0.20) only for N = 144. The influence of a higher selection intensity was tested by selecting 2, 
6 or 8 sires out of 72 instead of 4 (N = 144, h2 QTh = 0.048). 
Results are means over 1000 replicates. 
Selection on maximum marker variance within and between selected sires 
Sires were selected on a variation score (or index) that consisted of two components: a within-
animal and a between-animal component. The within-animal component or individual variation 
score I, of animal i was defined as the number of recombinations within the confidence interval. 
The between-animal component was calculated in two different ways: in a painvise or groupwise 
manner. 
Pairwise method 
The pairwise method entailed calculating a pairwise variation score 'Py  for a pair of sires y, which 
was the ratio of the number of loci within the confidence interval that was different between the 
two sires and the total number of loci within the confidence interval. Selection took place on the 
combined average individual score (I + 1,2) / 2 and pair score IPy : 
1 ±1 
1 	= 	hl+yxl 
Oy 2 	 Py 
The multiplication factor y was the weight that could be given to the pair score relative to the 
individual score. y could be set to a lower value y if neither of the two sires had a donor allele 
at one or more loci within the confidence interval, where in case of 'complete coverage' the 
weight would be Y2  Values of y and Y2  were chosen to be either equal, or y to be one tenth of 
Y2 In the latter situation, if neither sire of the pair had a donor allele at a certain locus, the 
individual scores made up the greatest part of the (total) index score, although if none of the pairs 
covered this part of the genome and a number of pairs had the same average individual score, 
they still could be ranked on the basis of their (small) pair score. 
The pair that had the highest total score 'tot  was selected, after which both sires were deleted from 
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the list of selection candidates before the next best pair was selected, until the desired number 
of selected sires ns was reached. 
Group wise method 
The between-animal variation was also calculated in a groupwise manner. The group variation 
score I of group y was defined as the variation between the loci within the confidence intervals 
of the whole group of selected sires, measured as the average difference between 2 of the ns 
selected sires, averaged over all loci within the confidence interval and all possible pairwise 




= 	E I X1, i - , 1 
L—L 1 ns(ns-1)12 1=L 1 1=1 f=i+i 
where L, and L, represent the left hand and the right hand limit of the confidence interval, 
respectively, and Xh and x,1 are the genotypes of sire i andj (within group y) at locus 1. The group 
score was calculated for every possible combination of ns sires out of all the available male 
animals. The total score 'toty  was calculated as: 
I 	no 
- 	
- 	Itoty = 
	
X 
where y is the weighting factor for the group score. Again, y could be set to a lower value y if 
the group did not cover the whole confidence interval with donor alleles, so if at any locus none 
of-the sires had a copy of the donor allele. Different values for y and Y2  were tested, either 
setting y 1  equal to Y2,  or setting y 1 equal to Y2 / 10. 
Multiplication value y 
The multiplication values y and Y2  were tested for a range of different values in order to find the 
best combination. The value of Y2  was set to 0.0, 1.0, 2.0, 3.0, 5.0 or 10.0, and y 1 was either set 
to equal Y2  or to equal y2 / 10. Changing the value of y changes the contribution of the pair/group 
score to the total index score relative to the contribution of the mean individual scores. Using y 
= 2.0 for the pair score and y = 4.0 for the group score was expected to make the contribution of 
the pair/group score and the average individual score about equal in the first backcross 
generation. The reasoning was as follows: 
The maximum possible group score depends only on the number of selected sires. If only 2 sires 
are selected (or only 2 at the time, as in the pairwise method) the maximum value will be 1.0 (if 
one sire has allele 0 and the other sire has allele 1 on locus x). When 4 sires are selected the 
maximum value will be 2/3 (if 2 sires have allele 0 and 2 sires have allele 1, 4 out of the 6 
possible comparisons between animals will give a difference of 1.0, the other 2 give 0.0). For 6 
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selected sires the maximum value will be 3/5 (9 out of 15 possible comparisons give 1.0), and 
eventually, for an infinite number of selected sires the maximum value will be 0.50. 
The maximum individual score depends on a number of factors: the length of the confidence 
interval, the number of generations (i.e. recombination events), and the success of selection. In 
the first backcross generation the fraction of animals expected to have 2 recombinations within 
a confidence interval of say 70 cM can be calculated as 
(7 
0 . 0099 2 * 	 * I 	I = 0.120 
2) 
The fraction of animals with 3 recombinations in the 70 cM interval can be calculated in a similar 
way, and equals approximately 0.027, with 4 recombinations it is 0.005. The probability of 
finding animals with more than 4 recombinations in the first backcross generation is even 
smaller, so the number of animals with 2 or more recombinations is approximately (0. 120 + 
0.027 + 0.005) * 72 = 10.9; with 3 or more recombinations (0.027 + 0.005) * 72 = 2.3, with 4 or 
more recombinations approximately 0.005 * 72 = 0.4. This means that it is too optimistic to 
assume that in every replicate it will be possible to select 4 sires with 3 or more recombinations, 
but 2 will be feasible, with 2 sires with only 2 recombinations. The average number of 
recombinations (over replicates) for a group selected on maximum number of recombinations 
will be somewhere around 2.7 ( = (0 . 4*4 + 1 . 9*3 + 1.7*2) / 4 ), depending on the variance in 
number of recombinations per animal, so if the maximum group score of 2/3 is achieved, a 
multiplication factor of 4.0 will make the individual and group contribution to the total index 
about equal in the first selected generation. Similarly, in case of pairwise selection (where the 
maximum I, is 1.0) a multiplication factor for the first selected pair of 3.2 (= (0 . 4*4 + 1 . 6*3) / 
2 / 1.0) and for the second selected pair of 2.2 (= (0 . 3*3 + 1 . 7*2) / 2 / 1.0) would make the 
contribution of the individual and the pair score approximately equal, when the number of 
selected sires is 4. 
In later generations the situation becomes increasingly complicated, because the number of 
recombinations does not depend only on the length of the confidence interval any more, but also 
on the number of meioses (generations) and on the success of earlier selection decisions. The 
best weighting factors were decided on by looking at the result over 5 generations, which were 
not necessarily the same weighting factors that give the best performance over 1 generation. 
If a lot of weight is given to the group variation in the total index (the value of y2 is large), it is 
not expected to make much difference if y equals Y2 / 10 or y j equals zero, because groups that 
give incomplete coverage are unlikely to be selected anyway. Those groups have to compete with 
groups that give complete coverage and consequently have relatively high total scores, while if 
the weight on group scores is relatively low, groups with incomplete coverage might be able to 
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'make up' for their low (or zero) group score by having high individual scores. This was not 
further investigated. 
Other parameters 
The selection on maximum marker variance within and between selected sires was only 
investigated for a population size of 144, with 4 (selected) sires, each producing 36 offspring (18 
males and 18 females). The influence of selection intensity was investigated by changing the 
number of selected sires to 2 and 6 as well, keeping the total number of individuals the same. 
Using the best values of y 1 and y2  found before, a larger QTL effect (h = 0.20) was tested, 
(changing the environmental variance to 1.0). Results are averages over 100 replicates. 
Results 
Selection on alternative but overlapping halves of the confidence interval 
Table 7.1 shows the length of the confidence interval around the estimated QTL position for all 
five backcross generations, for a variable overlap a and a constant P and for a constant a and a 
variable 3, for a population size of 144 and a QTh effect for which h2 QTh = 0.048. Table 7.2 shows 
the results for a population size of 640, also for h'.7. = 0.048; Table 7.3 shows the results for a 
population size of 144 but for a larger QTL effect (h' ,,m = 0.20). 
From Tables 7.1 to 7.3 it can be seen that the differences in length of the confidence interval after 
5 generations of backcrossing are rather small for different values of a and 3 but with the same 
population size and QTL effect. For a small population size and QTL effect (Table 7. 1), the best 
performance was recorded for a = 0.50 and P = 0.00, for which the confidence interval in BC 5 
was smallest (7.6 cM) and the decrease in length of the confidence interval over the 5 backcross 
generations was greatest. 
For the bigger population as well as for a higher heritability, results are less clear cut, although 
there seems to be a tendency for the smallest overlap (a = 0.10 or P = 0.10) to give the smallest 
confidence interval in BC 5  and the biggest decrease over all generations. However, in those cases 
the differences are extremely small. This is not surprising, because only in the case of a rather 
small population size and QTL effect, the confidence interval will still be wide enough to find 
a number of individuals with recombinations on different positions within the confidence 
interval. When the interval is very short, the choice will be very limited, and whatever overlap 
is desired, usually the same animals have to be selected anyway. 
SM 
Table 7.1 	Length of confidence interval for estimated QTL position for 5 generations of 
backcrossing, using a 0.1 cM marker density; h2Q = 0.048; population size is 
144. Selection based on alternative but overlapping halves of the confidence 
interval, where a = central part of the confidence interval at which both animals 
of a complementary pair need to have donor alleles; P = central part of the 
confidence interval at which two pairs of complementary animals need to have 
overlapping regions. Means over 1000 replicates, standard errors in superscript. 
p = 0.00 
a 0.00 0.10 0.25 0.33 0.50 


















































a = 0.00 
0.00 0.10 0.25 0.33 0.50 


















































Setting an non-zero a-overlap seems to give slightly better results than setting a -overlap. This 
can be explained from the fact that when an a-overlap is set, both individuals from a 
complementary pair must be heterozygous within the overlapping region, while this is not the 
case for a $3-overlap. The overlapping region is quite likely to contain the QTL, so the percentage 
of animals that will have a copy of the desired QTL allele in the next generation will be higher 
than when no overlap was set. This is supported by the figures: for  = 144 and h2 QTh = 0.048, 
for an a-overlap of 0.50 ($3 = 0) the percentage of animals with the desired QTL allele is 40% 
in BC5, while for a $3-overlap of 0.50 (a = 0) the percentage is 33% in BC 5 . For N = 640 (h 2 QTL = 
0.048) and h2 = 0.20(N= 144) the differences are similar: 42% (a = 0.50) vs. 35% ($3 = 0.50). 
and 41% vs. 36%, respectively (results not shown). A higher number of animals heterozygous 
at the QTL provides more variation and more opportunity for informative recombinations in the 
next generation. 
The better retention of the introgressed allele seems to have a slight negative effect on recovery 
of the background genotype when h2 QTh = 0.048 and N = 144; for a = 0.50 the percentage of 
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Table 7.2 	Length of confidence interval for estimated QTL position for 5 generations of 
backcrossing, using a 0.1 cM marker density; h2Q = 0.048; population size is 
640. Selection based on alternative but overlapping halves of the confidence 
interval, where a = central part of the confidence interval at which both animals 
of a complementary pair need to have donor alleles; = central part of the 
confidence interval at which two pairs of complementary animals need to have 
Means over lOUt) replicates, standard errors in superscript. 
P = 0.00 





















































a = 0.00 























































alleles homozygous for the recipient allele was 84% but for fI = 0.50 this was 86%. For N = 640 
(h 212M = 0.048) and h2 QM = 0.20 (N= 144) there was no difference between a = 0.50 and f3 = 0.50; 
percentages were 90% and 87%, respectively. 
Even when both types of overlap are set to zero, the percentage of animals with the desired QTL 
allele did not halve from 50% in BC, to 25% in BC, but was slightly higher (28% in the lowest 
case), presumably because the ideal complement was often not available and a slight involuntary 
overlap was created. This effect became stronger over further backcross generations, presumably 
because the length of the confidence interval decreased and with that the chance on 
complementary recombinations within the interval. Only for the small population size and QTL 
effect there was an appreciable risk of losing the desired allele from the population; for a = 0 and 
= 0 this happened in 1.3% of the replicates. For any non-zero value of a or fI loss never 
occurred in more than 0.7% of the replicates, and for greater population sizes or heritabilities loss 
only occurred occasionally in a single replicate (0.1%). 
soya 
Table 7.3 	Length of confidence interval for estimated QTL position for 5 generations of 
backcrossing, using a 0. 1 cM marker density; h' QM = 0.20; population size is 
144. Selection based on alternative but overlapping halves of the confidence 
interval, where a = central part of the confidence interval at which both animals 
of a complementary pair need to have donor alleles; 3 = central part of the 
confidence interval at which two pairs of complementary animals need to have 
Means over I UUU replicates, standard errors in 
P = 0.00 



















































a = 0.00 



















































Selection on maximum marker variance within and between selected sires 
Table 7.4 shows the results from the selection on a quantitative measure of marker variability 
within and between sires, for the painvise as well as the groupwise approach, for different values 
of the group variation weighting factory. 
Often not penalising pairs or groups for incomplete coverage of the confidence interval with 
donor alleles resulted in a smaller confidence interval, but the percentage of replicates in which 
the desired QTL allele was lost was usually higher as well. The results for pairwise selection 
were often not as good as for groupwise selection. For pairwise selection, a value of y of 3.0 
seemed to give the shortest confidence interval (either with or without penalising for incomplete 
coverage), which is close to the value of 2.7 (the average of 3.2 and 2.2, as derived earlier) which 
should give approximately equal weight to the individual score Jj and the pair score J,, in BC 1 . 
For groupwise selection the situation was less clear cut. Using y = 0.5 and y 2 = 5.0 gave the 
shortest confidence interval in BC, and the greatest decrease over all 5 generations of 
backcrossing (7.5 cM). Also in this case the QTL allele was never lost in any of the replicates. 
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The value of 5.0 is the first value up from 4.0 that was tried, which was expected to give equal 
weight to individual and group score in BC 1 . Without penalising for incomplete coverage, using 
Y2 = 5.0 was also best (with y1 = Y2), but the next best option was either y = 2.0 and Y2 = 2.0 or 
= 1.0 and y2  = 10.0. So it is not clear if the parameter set that has been shown to give the best 
result (y = 0.5 and Y2  5.0) is in the middle of a range of values giving good results, or at either 
end, or that there is no such range at all. 
In Table 7.5 the mean index values are given for the selected groups of sires, using the values 
of y that gave the shortest confidence interval: 3.0 for pairwise selection and 5.0 for groupwise 
selection (both with and without penalising for incomplete coverage). 
It can be seen that penalising for incomplete coverage results in less recombinations within the 
confidence intervals of the selected sires (I is always lower). 
Table 7.4 	Length of confidence interval for estimated QTL position for 5 generations of 
backcrossing. Selection based on a quantitative measure for marker variation 
within the c.i. of each selected sire and for marker variation at all loci in the ci. 
between selected sires, for 6 different group score weighting factors Yi  (if group 
does not cover whole c.i. with donor alleles) and y 2  (if group does cover whole 
c.i.). Population size 144, h2 = 0.048, 0.1 cM marker density; means over 100 
replicates. Standard errors in superscript; percentage of replicates in which 
desired allele not lost in italics. 
pairwise selection 
No difference for complete or incomplete coverage 
Yi / Y2 0.0/0.0 1.0/1.0 2.0/2.0 3.0/3.0 5.0/5.0 10.0/10.0 
gen. 1 69.8 3.2 100 71.2 
3,2 
 100 69.8 
3,2 
 100 69.8 
32 










































5 13.018 51 12.7 
2.2 	







Penalise for incomplete coverage 
Yi / Y2 0.1 / 1.0 0.2/2.0 0.3/3.0 0.5/5.0 
1.0/10.0 























































No difference for complete or incomplete coverage 
Y1 /y 2 0.0/0.0 1.0/1.0 	2.0/2.0 3.0/3.0 5.015.0 10.0/10.0 
gen. 1 
3.3 	 3.3 	 3.4 
70.0 100 	71.4 100 	64.5 	100 
3.2 








3.2 	 3.2 
34.6 98 	36.5 
3.2 








2.4 	 2.9 
81 	19.8 90 	23.2 	94 
21 



















1.7 	 1.5 
54 	10.7 8.7 	88 
1.2 





Penalise for incomplete coverage 
0.1/1.0 0.2/2.0 0.3/3.0 0.5/5.0 1.0/10.0 













































10.4 88 75 
0.9 
10  8.7 
0.9 
98 
For low values of y (without penalising for incomplete coverage) the maximum value for I, as 
predicted in the Materials & Methods section (which was 2.7) is always reached (results not 
shown), and for the values of y used in Table 7.5 I it is very close. When the weight on group 
score is increased so that I is (much) higher than I, the number of recombinations goes down 
(results not shown), which presumably causes the confidence intervals to increase again, as can 
be seen in Table 7.4 (e.g. for y = 10.0). 
Table 7.5 shows that the difference between 'G  and I increases over generations. It might be more 
optimal to readjust the weighting factor every generation, but in this study this has not been 
attempted. In later generations .4 is nearly always higher for groupvise selection than for paiRvise 
selection, and the same is true for the variance of I. This suggests that exceptional individuals, 
with many recombinations within the confidence interval, are more often selected when using 
groupwise selection than when using pairwise selection. This is understandable, because when 
using groupwise selection there are 3 other animals to complement the extreme individual, where 
in the pairwise way there is only one individual to complement it. In the latter case there is a 
greater chance that there is no suitable complement found and the individual will not be selected. 
This will be particularly true when complete coverage is also enforced. 
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Table 7.5 	Mean pair or group score (Jr, or IG),  mean individual score J (number of 
recombinations within the confidence interval) and the within-group variance 
ofI1 for 4 selected sires per generation over 100 replicates (population size 144; 
= 0.048). Selection on within-group variance I and between-group 
variance I, (when calculated in pairwise fashion) or 'G  (when calculated in 
groupwise fashion). Weighting factors y (incomplete coverage of c.i.) and y 2 
(complete coverage of c.i. with donor alleles) forI and 'G  are y 1 = 3.0 or 0.3 
and y, = 3.0 (pairwise), or y, = 5.0 or 0.5 and Y2 = 5.0 (groupwise). 
pairwise 
y j = 3.0; Y2 = 3.0 y j = 0.3; y2 = 3.0 
within- within- 
I, I group var. I 1 1 group var. 
generation 1 2.5 2.5 0.64 2.6 2.1 0.92 
2 2.4 2.4 0.46 2.5 1.7 0.70 
3 2.4 2.0 0.32 2.5 1.3 0.38 
4 2.3 1.6 0.24 2.4 1.1 0.37 
5 2.4 1.6 0.26- 2.4 1.0 0.26 
groupwise 
- 	- y 1 =.5.O;y 2 =5.0 y 3 =O.S;y2 =S.O 
within- within- 
- IG  1 1 group var. I group var. 
generation 1 3.1 2.6 0.48 3.1 2.5 0.51 
2 2.9 2.4 0.52 3.0 2.2 0.75 
3 2.9 1.9 0.42 2.8 1.8 0.67 
4 2.9 1.8 0.42 2.9 1.4 0.42 
5 2.8 1.5 0.35 2.6 1.3 0.37 
Selection on maximum marker variance within and between selected sires does not put any 
specific selection pressure on retaining the introgressed allele, so the percentage of animals still 
having a copy of the desired allele is expected to be around 25%. When the desired allele is lost 
in many replicates (e.g. when y is set to 0), the average percentage decreases a few percent, down 
to 20% in BC 5 (groupwise selection), but the loss is mainly reflected in the increased variance 
of this percentage: the standard deviation is 22% in BC 5 for y = 0, compared with 9% when y = 
10.0 (either with or without penalising for incomplete coverage). Less weight on groups (i.e. 
small values of y) means selecting more identical animals (although probably with more 
recombinations), which means that on some occasions none of the selected sires has the desired 
allele (the allele is lost), but on the same number of occasions all of the selected sires have a copy 
of the desired allele. 
There is also no specific selection pressure on recovery of the background genotype, but 
indirectly recombination around the confidence interval is promoted, because at least some of 
the recombinations within the confidence interval will be just outside it in the next generation 
(the confidence interval usually decreases over generations). The recovery is quite satisfactory: 
in BC 5  the percentage of loci homozygous for the recipient allele for groupwise selection is about 
90% when y1 = y2 and 89% when y = y 2  /10. For pairwise selection higher values of y seem to 
give a lower recovery, even more so when y I = Y2 / 10. Percentages then range from 91 to 84%. 
Selection intensity 
Table 7.6 shows the influence of a different number of selected sires within a population of 144 
animals when h'QTL = 0.048 for the overlap method (iz = 0.50, P = 0.00) and for the quantitative 
method (y = 0.5 and Y2 = 5.0, groupwise selection). For the first method, selecting four sires 
gave the smallest confidence interval, closely followed by selecting 6 sires. For the second 
method, only results for selecting 2 or 4 sires were available due to computational limitations. 
When only 2 sires were selected the confidence interval was not reduced as much as when 4 sires 
were selected, particularly not for the second method. Selecting 8 sires was also shown to be 
suboptimal for the overlap method. It has to be noted that the weighting factors for group score 
y and Y2  were set for the optimal values for selecting a group of 4 sires. In case of 6 or 8 sires 
the factor to give equal weight to group and individual scores was not very different (4. 1 rather 
than 4.0). However, for 2 selected sires the equalising weight would be 3.2, which is 
considerably lower than 5.0, so this might be one of the explanations of the larger confidence 
intervals when only 2 sires were selected. 
Another reason might be that 2 sires cannot provide as much variation in the next generation as 
more sires can, and variation is needed to fine map the QTL. Selecting 8 sires might provide 
more variation, but the selection intensity is lower than for the selection of less (but more 
informative) sires, which explains the greater length of the confidence interval for the overlap 
method compared with 4 or 6 sires. 
The difference between 4 or 6 sires selected out of 72 was not very large. Presumably, the 
increased variation when using 6 rather than 4 sires made up for the decrease in selection 
pressure, giving a similar result. There is not much reason to assume that the quantitative method 
would behave differently, so no effort has been made to further optimise the simulation program 
in order to obtain results for 6 or 8 selected sires using this method. 
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Table 7.6 	Confidence intervals (cM) for 5 generations of backcrossing for different 
numbers of selected sires from a population of 144 animals, for 2 selection 
methods: on alternative but overlapping halves of the confidence interval (a = 
0.25 and 3 = 0.0) and on maximum variance within and between selected 
individuals (calculated groupwise; y = 0.3 and y2 =  3.0). Marker spacing 0.1 
cM; QTL at 25 cM from one end of the chromosome; h',,7, = 0.048; results are 
means over 100 replicates (standard errors in superscript). 
Selection on overlapping sections of confidence interval 
number of 2 4 	 6 8 
selected sires 
generation 1 71.2 	
1.0 1.0 	 1.1 































Selection on quantitative measure of variation within/between sires 




















Size of OTL effect 
Figure 7.1 shows the decrease in the length of the confidence interval achieved by both methods, 
for two different QTL effects (h2 OL = 0.048 and h'QTL  = 0.20) when using the optimal parameters 
(which are cz=0.5 and =0.0 for h2 =0.048,a=0.1 and f=0.0 for h 2QTh = 0.20, y=0.5 and 
'(2 = 5.0 for h2 = 0.048, y j = 0.2 and '(2 = 2.0 for h2 QTh = 0.20). Also plotted are the 'reference'QM 
lines for the small and large QTL effects, obtained from Appendix 7.1, Table 7.1.3. Those values 
are based on equivalent, increasing population sizes, but using an unselected BC 1 population. 
The optimal parameters for the quantitative method using the large QTL effect were derived in 
the same way as for the small QTL effect. The maximum number of recombinations within the 

















1 	 2 	 3 	 4 	 5 
backcross generation 
Figure 7.1 	Length of the confidence interval over 5 generations of backcrossing, using 
selection on overlapping halves of the c.i. ('overlap'; solid lines), for h2 QTh = 
0.048 (a = 0.5, 3 = 0.0; triangular markers) or 0.20 (a = 0. 1, 3 = 0.0; square 
markers), or using selection on maximum marker variance within and between 
selected sires ('quant.'; dashed lines), for h2QTh  = 0.048 (y = 0.5, y = 5.0; 
triangular markers) or 0.20 (y = 0.2, Y2 = 2.0; square markers), compared with 
no selection ('reference'; heavy solid lines). 
335* 1)14 = 1.2; the maximum possible difference score IQ between 4 sires is 0.67, so the weight 
that makes 'G  and I equal is 1. 7, which is nearest the tested value of 2.0. 
Figure 7.1 shows quite clearly that both selection methods give a substantially decreased 
confidence interval compared with no selection, but that the difference between the methods is 
very small. An increased QTL effect gives a considerable decrease in confidence interval, as 
could be expected. 
Discussion 
Mapping experiments using backcross populations as mapping source bring QTL detection and 
the production of a new commercially attractive variety or line closer together. However, the 
methods proposed by Darvasi (1997), Tankslev and Nelson (1996) and Eshed and Zamir (1995), 
mentioned in the introduction, still need a substantial number of generations to achieve this goal. 
This makes them particularly less appealing for application in livestock species where the 
generation interval is relatively long and selfing is not an option. 
In this study it was shown how some improvement can be made on the previous methods. In 
contrast with the earlier studies, where several generations of backcrossed individuals were 
produced but no information was gathered on those 'early' generations, here gathering of 
phenotypic as well as genotypic (marker) data started as soon as the first backcross generation. 
This has several advantages. First, it vastly increases the number of individuals available for 
analysis, without the need for increased raising or keeping facilities (as pointed out by Darvasi 
and Soller, 1995, in their discussion). Second, early selection is possible, so animals without any 
recombinations or with other very undesirable traits can be removed, because they do not 
contribute to a better end product anyway. Third, the method is not a 'one off, but allows 
correction of an incorrect and imprecise position estimate in later generations. 
Comparing t-  e methods 
Both methods of selection proposed in this chapter gave a notable decrease in the confidence 
interval of the estimated QTL location, compared with a BC, population of the same size without 
selection, When the optimal parameters were used (Figure 7.1). Results did depend quite heavily 
on the choice of the parameters, particularly for the second method, as was shown in Tables 7.1 
to 7.4. When the optimal parameters are used, the difference between selection on alternative but 
overlapping halves of the confidence interval or selection on maximum marker variance within 
and between selected sires is remarkably small. Although in early generations there might be 
quite some scope for different selection procedures, because there will be a substantial number 
of animals available with one or more recombinations at different places within the confidence 
interval, in later generations the confidence interval is so small that the choice of animals with 
recombinations the interval will be very limited, so both selection methods will then be selecting 
more or less the same individuals. 
The essential difference with the earlier methods described in Chapter 6 is that now 
recombinations within the confidence interval are actively promoted. This explains why, where 
the earlier methods failed to improve the accuracy in the QTL position estimate compared with 
the unselected BC, population, the methods in this chapter succeeded. 
The drawback of both methods used in this chapter is that the number of animals that has a copy 
of the desired QTL allele is drastically decreased, from close to 50% (methods in Chapter 6) to 
on average around 25% (selection on quantitative measure of variation within and between sires) 
or between 30 and 40% (overlap method). As long as the risk of losing the desired QTL allele 
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from the population is acceptable (which is the case for the overlap method, and also for the 
quantitative method, as long as the group weights are chosen high enough), this is unlikely to 
be a problem. In an introgression programme, the backcrossing generations, as researched in this 
study, are usually followed by one or more intercrossing generations in order to fix the desired 
allele in the newly formed 'improved' population. To maintain the population size of 144, here 
24 dams were used each generation. This is more than 25% of the 72 available females each 
generation, so fixing the desired allele in only one generation of intercrossing will indeed be 
problematic. However, this problem could be solved by using a second intercross generation, in 
which the allele frequency of the desired allele will already be very high. For this to succeed, it 
is essential that carriers can be distinguished from non-carriers. In this chapter fully informative 
markers were used and the QTL genotype could be determined reliably, but when markers are 
not fully informative, identification will be a lot more difficult (Van Heelsum et al. 1997; 
Chapter 3). 
In order to increase the chance of selecting carriers, direct selection on phenotype could be 
added. Although phenotypic data is used in the QTL analysis, the data has not been used as a 
selection criterion in either method proposed in this chapter. On average carriers have a higher 
phenotypic performance than non-carriers, so by adding phenotypic selection the retention of the 
introgressed allele should increase as well. One might expect to introduce bias in the QTL 
analysis when selection is on the same information as the analysis is based on, but as long as the 
QTL to be mapped is the only gene causing genetic variation in the population this should not 
be a problem. When other genetic variation is introduced, the model that is used to estimate the 
QTL effect will have to be adjusted accordingly. 
Both methods were quite successful in recovering the background genotype. For small 
heritability and population size the recovery was even slightly better than for method 3 in 
Chapter 6, particularly for the overlap method, but this might be deceptive because in Chapter 
6 N = 100 and in this chapter N = 144. For the bigger populations method 3 in Chapter 6 
performs better than the overlap method, but then method 3 uses a slightly bigger population 
(800 vs. 640). Also for the larger QTL effect (and a small population) method 3 outperforms the 
overlap method. 
Fixed drop in F-value 
To obtain the confidence intervals for the QTL position estimates, a fixed drop in F-value of 10.0 
was used. As can be seen in Appendix 7.!, Table 7.1.3, based on a BC, population of the same 
size, this was expected to give slightly lower inclusion rates than 95% for later generations of 
the population size of 144 when h2 = 0.048, and thus slight underestimates of the 95% 
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confidence intervals. For the large QTL effect (h2 QTh = 0.20) the opposite could be expected; the 
inclusion rate was slightly higher than 95% so the confidence intervals were overestimated. The 
same occured when a bigger population is used; the inclusion rates were increasingly higher than 
95% for increasing numbers and the confidence intervals were increasingly overestimated. 
The situation was not the same for populations to which the two selection methods were applied. 
For the overlap method the inclusion rate was close to 95% in the first generation; slightly higher 
for the small population and the small heritability, but slightly lower for the small population 
with a heritability of 0.20. In the fifth generation however, for h227L = 0.048 and N = 100 on 
average about 98% of the replicates included the QTL position in their confidence intervals, 
while for N = 640 (h2QTh = 0.048) hardly any replicates did not include the QTL in their 
confidence intervals. For h 2 OL = 0.20 (N= 144) the inclusion rate was well over 99%. This means 
that the lengths of the intervals in Tables 7.1 to 7.3 are expected to be substantially overestimated 
in later generations. 
The observed inclusion rates for selection on marker variation within and between sires (the 
second selection method) were extremely variable, but tended to be lower than 95% (e.g. 94% 
for y 1  = 0.5 and Y2 = 5.0, but 89% for y, = 5.0 and Y2 = 5.0), so the confidence intervals in Table 
7.4 are likely to be underestimates. It seems likely that when using the most appropriate drop-off 
values, the overlap method will perform slightly better than the selection on marker variation in 
improving the accuracy of the QTL position estimate. 
Optimum weighting of group variation in total index 
The success of the second selection method, selecting on maximum marker variation within and 
between sires, depended heavily on the choice of the weighting factor y. There was some 
evidence to suggest that giving equal (or slightly more) weight to the group (or pairs) 
contribution and the individual contribution in the total index gave the most improvement in the 
accuracy of the QTL position estimate. Giving less weight to groups compared to individuals 
gave a more frequent loss of the QTL, so it seems better to use a group weighting factor that 
gives slightly more weight to the group than to the individual scores. However, those 
contributions changed over generations, while the weighting factor was the same for all 
generations. It might be more optimal to change the value of y every generation, but this was not 
further investigated. Also, in this study a rather incomplete set of parameter values was tested, 
and the best values might not have been amongst them. There are several optimisation 
procedures available that might be able to give the best parameters either for all generations 
together or each generation separately, which could be subject of further research. 
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Information content when the desired allele is lost 
Setting the value for y, smaller than Y2  often gave a decrease in the number of occasions in which 
the introgressed allele was lost, but that did not give a further decrease in the length of the 
confidence interval. Losing the introgressed allele apparently did not mean losing all information 
to fine map the QTL. When the QTL allele is lost, one might expect to get a confidence interval 
that spans the whole chromosome (100 cM) if the estimation is based on data from a single 
generation, and an increased confidence interval if based on accumulated data. The latter did not 
happen, and even in case of single generation data the length was not necessarily 100 cM, 
because by chance loci could occur with F-values that differed more than 10.0 units. In later 
generations, finding a difference of more than 10.0 units became more likely, because on a 
substantial part of the chromosome all variation might have been lost already, giving an F-value 
of zero. This happened usually further away from the true QTL position, leaving variation only 
closer to the correct position. So even if the QTL allele was lost, the 'chance' position estimate 
was likely to be fairly close to the correct position, even when this estimate was only based on 
data from the current generation. 
When the desired allele is lost, the F-value based on single generation data will drop to zero at 
that position, but the F-value based on accumulated data will not do this. Starting with this 
generation, the class of animals with a donor allele at the true QTL position (n 0) will not grow 
any further, while the class of animals homozygous for the recipient allele at this position (n 1 ) 
will grow faster than before. This imbalance will decrease the value of '1(11n0 ± 1/n), needed to 
calculate the F-value, although the decrease is not very large after generation 2. For example, if 
the QTL allele is lost after the second generation, the following numbers of animals will be found 
in each class: 
	
(at true QTL position) generation 	1 	2 	3 	4 	5 
n o 	72 	108 	108 	108 	108 
n, 	72 	180 	324 	468 	612 
n 10, 	 144 	288 	432 	576 	720 
v'(I/n 0 ±I/n,) 0.17 	0.12 	0.11 	0.11 	0.10 
If .1(11n 0 + i/n 1) goes down, the standard error of the difference will go down as well. The F-
value to test the difference between the classes was calculated as the square of the difference 
between the means of both classes divided by the standard error of the difference, and because 
the mean of the donor class will not change at all and the mean of the recipient class should only 
slightly change by chance, the F-value should go up slightly. This was observed in individual 
replicates, although the fluctuation in the mean of the recipient class was often large enough to 
allow for a slight downwards movement as well. 
- 103- 
Although all variation might be lost at the true QTL position, it will still be possible to gain 
information around this locus. The evidence that the QTL is not there still mounts up over 
generations, pushing the F-value at those positions down to zero. Because the F-value at the true 
position will hardly change, the peak will become narrower and the confidence interval will still 
decrease. 
Difference between groupwise and nairwise selection 
There was quite a substantial difference between selecting on the quantitative measure for marker 
variance between selected animals in a pairwise manner or in a groupwise manner. This was 
somewhat unexpected, because the groupwise result was an average of all pair -wise comparisons 
within the selected group, and only two different alleles were present, so one would expect to 
select two different sets of animals within the group that are similar within the set. However, the 
groupwise selection method seemed to give a better chance to be selected to animals that had an 
extreme number of recombinations in the confidence interval, because there were three rather 
than one animals to complement it. This suggests that the selection of two 'sets', with individuals 
that are similar within the set did not (always) happen. 
To weigh group and individual scores equally, y should be set to 2.7 for the painvise method, 
and to 4.0 for the groupwise method (see Material and Methods). The nearest value that was 
tested greater than 2.7 or 4.0, respectively, indeed gave the best results. However, also when 
using optimal weighting factors, pairwise selection gave not as small a confidence interval as 
groupwise selection. This could be caused by the use of only one fixed weighting factor for all 
selected pairs, where it has been explained in the Material and Methods section that the best 
value for the first pair is 3.2, and for the second pair 2.2 (in the first backcross generation). To 
validate this. further research would be needed. 
Conclusions and further improvements 
The selection methods proposed in this chapter showed to be almost equally successful in 
reducing the length of the confidence interval (given the best parameter combinations were used) 
both performing much better than the methods described in Chapter 6. The overlap method might 
be preferred over the selection on maximum variance within/between sires because confidence 
intervals are likely to be overestimated for this method, while for the other method they are likely 
to be underestimated. The overlap method also gives a higher retention of the introgressed allele, 
but based on the limited comparisons that can be made from the results in this chapter it seems 
that the recovery of the background genotype is slightly less good. However, both methods 
performed well in this respect, given that there was no active selection for background recovery. 
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Further improvement with regard to background recovery could be made by combining selection 
on reducing the confidence interval with selection on increasing the number of loci homozygous 
for the recipient allele. 
To improve the two methods described in this chapter, optimisation procedures should be used 
in order to find the best parameter values. Only a very limited number of values has been tested 
in this study, which is particularly true for the second method. This method should also be tested 
for larger populations and heritabilities, but to make this computationally feasible another 
algorithm has to be used in order to find the highest scoring group of sires. This will enable a 
more complete comparison between the methods. 
It might not be easy to further improve the accuracy of the QTL position estimate through a 
better selection strategy. However, none of the described selection methods used direct selection 
on length of confidence interval; they selected on related traits as number of recombinations or 
recombinations at a desired place. It is possible to predict the marker genotypes of the offspring 
of a group of sires, because the probability of recombination between loci is known. By using 
this prediction together with the QTL position estimate, F-values at all loci for the progeny of 
a group of selected sires can be predicted as well. This makes it possible to select the group of 
sires that gives the narrowest peak in F-values plotted over loci. This method might make it 
possible to improve on the current methods in decreasing the confidence interval, because it uses 
a more direct measure of the trait that needs to be improved. 
The assumption of fully informative markers makes application of the proposed methods in 
plants in the short term more realistic than in animal species. Nevertheless, the current fast rate 
of progress in marker development and mapping might make application in animal species 
possible in the near future; in first instance probably in mice, but maybe not long after that in 
livestock species. 
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Appendix 7.1 
Table 7.1.1 shows the required drop in F-value to find the true QTL position within the 
confidence interval defined within each replicate for either 95 or 90% of the replicates, for two 
different QTL effects (h2QTh = 0.048 or 0.20), a marker spacing of 0.1 cM and 1000 replicates. 
The population is a first backcross population of a size being a multiple of 144 or a multiple of 
640 (up to 5 times). The limits of the confidence interval are found either searching from the 
locus with the highest F-value outwards until the desired drop is found ('inside-out') or 
searching from the chromosome ends inwards ('outside-in'). 
Table 712 shows the lengths of the confidence intervals as were obtained by using the drop-off 
values given in Table 7.1.1; again for h2 QTh = 0.048 or 0.20, a 95% and a 90% confidence level, 
searching 'outside-in' and 'inside-out', for a BC, population of a size that was either a multiple 
of 144 or 640, a marker spacing of 0.1 cM, over 1000 replicates. 
In Table 7.1.3 the percentage of replicates for which the QTL was inside the confidence interval 
(inclusion %) is given, as well as the length of the confidence interval (conf. mt.), obtained by 
using a fixed drop in F-value of 10.0, searching from the estimated QTL position outwards. This 
was meant to give a confidence level of approximately 95%. 
Table 7.1.1 	Required drop in F-value to give 95 or 90% inclusion (true QTL location found 
within the interval) for searching from the chromosome ends inwards or from 
the locus with highest F-value outwards, h2 QTh = 0.048 or 0.20, 0.1 cM marker 
spacing, 1000 replicates. 
h2  QTL = 0.048 Number of individuals 
144 288 432 576 720 640 1280 1920 2560 3200 
95% outside-in 6.82 6.02 6.40 7.06 6.72 6.96 5.75 5.65 5.66 5.01 
inside-out 9.73 10.26 10.33 10.55 10.60 10.17 9.59 9.11 8.94 8.85 
90% outside-in 5.16 4.54 4.89 4.57 4.94 5.06 4.52 4.22 3.94 3.72 
inside-out 8.16 8.17 8.43 8.69 8.46 8.63 7.85 7.51 7.32 6.76 
h2QTh  = 0.20 
95% outside-in 7.25 6.18 6.38 6.75 6.22 6.03 6.25 4.87 4.79 4.43 
inside-out 11.08 8.80 9.80 9.57 9.69 9.46 8.91 8.12 7.20 7.88 
90% outside-in 5.82 4.38 4.85 4.78 4.82 4.65 4.30 3.38 2.81 2.44 
inside-out 8.78 6.94 7.93 7.57 7.47 7.19 6.93 5.94 4.95 4.69 
Elfrom 
95% outside-in 64.5 35.8 23.7 17.7 13.0 
inside-out 69.3 46.1 27.6 19.1 14.1 
90% outside-in 53.1 27.2 18.1 11.8 9.5 
inside-out 59.7 32.4 19.7 14.0 9.9 
h2QTh = 0.20 
95% outside-in 13.9 5.2 3.5 2.7 2.1 
inside-out 15.6 5.2 3.8 2.7 2.3 
90% outside-in 11.2 3.9 2.8 2.0 1.7 
inside-out 11.2 3.9 3.0 2.1 1.7 
16.6 5.7 3.7 2.8 2.0 
16.3 6.4 4.0 3.0 2.4 
11.9 4.7 2.8 2.1 1.6 
12.4 4.8 3.1 2.4 1.8 
2.2 1.2 0.7 0.6 0.5 
2.5 1.3 0.8 0.6 0.5 
1.8 0.9 0.5 0.4 0.3 
1.9 1.0 0.6 0.5 0.4 
Table 7.1.2 	Confidence intervals (in cM) for the drop-off values shown in Table 7.1.1, 
giving 95% or 90% confidence when searching from the chromosome ends 
inwards or from the locus with the highest F-value outwards, for h2 QTh = 0.048 
or 0.20, 0.1 cM marker spacing, IUOU replicates. 
h2QTh = 0.048 	 Number of individuals 
144 	288 	432 576 	720 1 640 1280 1920 2560 3200 
Table 7.1.3 	Inclusion rates (%) and confidence intervals (cM) when using a set drop in F- 
value of 10.0 for all population sizes, when aiming for 95% inclusion and using 
an inside-out search, for h 2 QM = 0.048 or 0.20, 0.1 cM marker spacing, 1000 
reolicates. 
h2QTh = 0.048 
	
Number of individuals 
144 	288 	432 	576 	720 1 640 1280 1920 2560 3200 
inclusion% 95.3 94.2 94.4 93.6 93.8 94.5 95.9 96.2 96.4 97.2 
conf. mt. 71.0 44.5 26.3 17.5 12.8 15.9 6.8 4.5 3.5 2.8 
h2QTh = 0.20 
inclusion% 92.8 95.7 95.7 95.9 95.4 95.9 96.6 97.2 98.1 97.6 
conf. mt. 13.5 6.0 3.9 2.9 2.3 2.6 1.4 1.0 0.8 0.7 
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8 	General discussion 
Introduction 
In this study, different factors are described that contribute to the efficiency of marker assisted 
introgression programmes. The efficiency was determined by the capability of retaining the 
introgressed allele in the crossbred population and the extent to which the background (recipient) 
genotype can be-recovered. The first part of this study deals with a situation in which the position 
of the gene of interest is known (the recombination rates between the gene and the nearest 
marker(s) were known), but the markers are not completely informative. The second part deals 
witha situation in which the position of the gene is not precisely known (and one of the aims was 
to determine this position as accurately as possible) but the available markers are fully 
informative. In both situations only the backcrossing phase has been investigated. Due to the 
many simplifications made in the simulations, the results might be more directly relevant to 
experimental organisms or plants than to livestock species, but the conclusions from this study 
can serve as a starting point for further research applied to livestock species, and more 
specifically pigs. 
Some of the simplifications in these studies include the existence of only very few alleles per 
locus; usually only two. Only one major gene or QTL was present; no other genes had an 
influence on the phenotype (when refining the QTL position estimate was studied) or the effect 
was not taken into account (when the effect of non-unique marker alleles was studied). The gene 
of interest was assumed to be difficult to identify: in the investigations into the effect of non-
unique marker alleles because the effect was difficult to measure at the moment of selection, in 
the investigations into refining the QTL position estimate because the effect was relatively small 
and location (and thus identification) errors were easily made. In both situations markers were 
used to identify the gene to be introgressed. The marker density was not very high in the non-
unique marker studies (10 cM spacing), but was very high when refining the map position was 
an objective (1.0 or 0.1 cM spacing). In the latter case the base populations were assumed to be 
fully inbred, which is obviously not realistic for livestock species, and through the whole thesis 
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selection was carried out on marker genotype, never on phenotype. Also, one chromosome and 
a total genome length of 100 cM was assumed, which is quite different from the 19 pairs of 
chromosomes giving a total map length of about 2500 cM in pigs. 
In this last chapter the main conclusions will be discussed, and their relevance to livestock 
species, and in particular pigs, will be reviewed. Some suggestions will be made as to what 
further work is needed to apply some of the proposed methods in a pig breeding situation. 
Identification of the introgressed allele 
In this thesis, introgression was studied in a way that is distinctively different from earlier work 
(e.g. Hospital et at. 1992, Hillel et at. 1990, Groen and Smith 1995). In the present study, the 
identification of the introgressed allele depended on markers, and the consequences were 
investigated of using markers that are not fully informative, which means that alleles can occur 
in both base populations. Van Zeveren et at. (1995) have shown that this is quite realistic if two 
(Western) pig breeds are used; many of the alleles of the microsatellite markers they used 
occurred in all four breeds. 
The recombination rates between the markers and the gene of interest were assumed to be known 
but the genotype at the major gene locus was not directly observable. This makes it more difficult 
to decide if it is worthwhile introgressing such an allele; it is not just a simple comparison 
between the gene effect and the expected genetic lag, but the risk of incorrect identification, and 
with that the failure of introgression, also plays a role. A genetic lag compared with a purebred, 
continuously selected commercial breed, occurs due to the introduction of alleles from an inferior 
breed and the loss of selection pressure on production traits (Gama et al. 1992). However, the 
trait value might not be questioned anyway, because for example it allows the breeder to fill a 
niche in the market, or it allows animals to survive in some (extreme) circumstances or it 
improves the survival rates of the population overall. 
Using a marker bracket was shown to be much more reliable than using single markers to 
identify the introgressed allele. This would be even more so the case if crossover interference 
would occur, while throughout this thesis Haldane's mapping function was used assuming no 
interference. Crossover interference would make double recombinations close to each other less 
likely, so the chance of a double recombination within a marker bracket would be even smaller. 
The probability of presence of the desired trait allele was calculated based on the marker 
genotype, where the highest probability was not necessarily best because it was often associated 
with homozygosity at the marker. Marker homozygotes produce uninformative gametes that 
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cannot be traced back to the alternative parents. Selecting marker heterozygotes was more 
effective, because their contribution to the next generation could be traced back. If only a single 
marker was used with 2 alleles, only 3 marker genotypes could occur. This caused large drops 
in retention rates when by increasing the percentage of selected individuals the point was reached 
at which also individuals with the next best genotype had to be added. Using more markers 
and/or markers with more alleles gave smoother curves of retention plotted against selected 
fraction. Having more marker genotypes to choose from allows for more discrimination, which 
makes applying a (correct) selection strategy more effective. The use of more markers is 
becoming increasingly realistic because of the fast increase in density of available marker maps; 
for example the USDA map of the porcine genome had an average marker spacing of 5.5 cM 
when it was published by Rohrer et al. in 1994, and the spacing was improved to 2.2 cM in only 
2 years time (Rohrer et al. 1996). 
Applying selection on background (recipient) genotype gave a rapid decrease in the frequency 
of the desired allele when alleles were not unique to the base populations, even when they were 
nearly unique. This is an important result for practical situations, where background selection 
will always be carried out, either with the help of genetic markers or only based on phenotypic 
information. Background selection is essential to close the gap between the crossbred population 
and the continually selected purebred population as quickly as possible. 
The effects of background selection were not investigated for a number of situations: when 
selection was carried out on probability of presence of the desired QTL allele (using non-unique 
markers), when using point selection or selection on maximum number of donor alleles around 
the QTL position estimate, or any method which breaks up the confidence interval when aiming 
for effective introgression while improving the QTL position estimate. Adding background 
selection could have impeded the results of some of those methods, but for different reasons. The 
'probability selection' could have suffered from the same phenomenon as described in Chapter 
3, which was that recombination around the gene of interest is a lot less likely than marker alleles 
just stemming from the 'wrong' population. This will of course not play a role if marker alleles 
are truly unique to the base populations. 
For all methods, apart from the selection on maximum number of donor alleles around the 
estimated QTL position in Chapter 6, another effect could play a role, namely that adding more 
criteria will lead to relaxation of the selection pressure on the first trait. This might make a 
substantial difference only for the methods that split up the confidence interval to improve the 
QTL position estimate (Chapter 7). The negative effect will depend on the number of animals 
available with the same score based on the first criterion. For example, in case of selection on 
probability score, there might be many animals available with the same, highest scoring marker 
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genotype, particularly if only a few marker genotypes were available (within a marker genotype 
the selection was at random), but not so many, if the number of genotypes was high. 
Non-uniqueness of marker alleles was shown to cause many problems, so if possible it will be 
better to preselect animals on uniqueness of their marker alleles. This should be possible if 
marker alleles need only to be different within a mating pair (assortative mating), and not in the 
whole population, but it will depend on heterozygosity (allele frequencies) and on other selection 
criteria. The heterozygosity found within breeds is encouraging; Rohrer etal. (1993) and Van 
Zeveren et at. (1995) mention values of over 50% within Western pig breeds (using 
microsatellite markers). For crosses between Western and Chinese pigs Rohrer et al. (1993) 
found values that were even over 80%. Uniqueness of markers is not only important in the 
backcrossing phase, but also in the intercrossing phase, to enable discrimination between 
individuals homozygous and heterozygous for the introgressed allele which is needed to fix the 
allele in the population. 
If identification of the introgressed allele is problematic, it will be even more important to keep 
the retention as high as possible in the subsequent backcross generations (which is true in both 
cases that lead to low retention rates: when identification is based on non-unique marker alleles, 
and when unique markers are used for the selection of maximum marker variance within and 
between sires). When the retention is low, at least 2 generations of intercrossing are needed to 
obtain a sufficient number of females homozygous for the introgressed allele to maintain the 
population size. For example, the retention is only about 30% when using only 1 marker and 
selecting against homozygosity at that marker starting in the F 1 , (Chapter 3, Table 3. 1), or when 
selection on maximum marker variance within and between sires (the second selection method 
described in Chapter 7). In a plant breeding situation this would not be a problem, because with 
as little as one individual a whole new line can be created, but in animal breeding this cannot be 
done. 
A low number of carriers would be more acceptable if one can be certain that intercrossed 
individuals that are thought to be homozygous are really homozygous, but if markers are not 
fully informative this will not be the case. Fewer backcross generations decrease the risk of 
recombination between markers and the gene of interest, improving the reliability (which is 
primarily an argument for less dense maps), but that compromises recovery of the background 
genotype. The traditional way of testing for homozygosity is by progeny testing, but this will 
often be very difficult for traits like disease resistance and it would defeat the point of using 
marker information. 
It can be concluded that it is better to make sure that marker alleles are unique to the alternative 
parents. In practise the exact allele frequencies would often not be known (while this knowledge 
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was assumed while studying the effect of non-unique marker alleles), so then it is even more 
important to ascertain that alleles are different before deciding on a mating pair, rather than 
finding out afterwards that the individuals share an allele that is extremely rare in one of the 
populations. 
Some of the problems might be alleviated by new types of markers that are currently being 
developed. AFLP (amplification fragment length polymorphism) markers allow simultaneous 
detection of 100 to 200 markers in one hybridisation experiment (Malyshev and Kartel, 1997). 
SNPs (single nucleotide polymorphisms) might be even more abundant on the genome; with 
estimates of more than 1 per 1000 base pairs in the human genome (Kruglyak. 1997). Their bi-
allelic character makes automation of the mapping process much easier. Both types of markers 
potentially provide a largely increased density of the marker map, which increases the 
information content of the marker map even in case of low polymorphism for individual markers 
(in case of SNPs, that only have 2 alleles). This does not mean that there would no longer be any 
need to check if-marker alleles are unique to the alternative parents, but the choice of informative 
markers will be much larger so it is increasingly unlikely that any potential parents need to be 
discarded. - 
Tests for QTL position using a very dense marker map 
The second scenario that was investigated was a situation in which fully informative markers 
were used to identify the source of the genome, and the position of the gene of interest was not 
precisely known. However, it was known that only one QTL is present, and it was assumed that 
there were no other genes influencing the phenotype. Of course this is a highly theoretical 
situation, first because it assumes fully inbred lines, second because there are, almost per 
definition, more genes that influence a quantitative trait. Often one of the objectives of fine 
mapping experiments is to determine if there is only one QTL segregating or that the observed 
effect is caused by several closely linked QTL. However, a simple starting point is needed to get 
an understanding of the problems involved, before moving on to more complicated but more 
realistic models. The chosen model is closer to the reality in plant breeding (or in experimental 
animal species as mice) than to the livestock situation. 
To investigate the scenario described above, initially only a first backcross population was used 
as a source population in which it was attempted to estimate the QTL position as accurately as 
possible. Subsequently, the source population was expanded so that five consecutive backcross 
generations were used for mapping purposes, while also monitoring the efficiency of the 
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inirogression process. As a measure of the accuracy of the QTL position estimate, the confidence 
interval was used. Classical theory uses a 1 unit drop in LOD score (Log of Odds or log-
likelihood ratio, using log- 10 rather than log-e, for testing presence of the QTL at loci within 
marker intervals) to determine the confidence interval. It is assumed that the difference between 
the log likelihood ratio at the tested QTL position and the maximum log likelihood ratio over all 
loci on the investigated chromosome (using log-e rather than log-10) is asymptotically chi-
square distributed with 1 degree of freedom, so the LOD-score will asymptotically be distributed 
as 4 log10 e X2  with 1 d.f.. This should be valid under the null hypothesis, which is that the 
position with the highest likelihood ratio is the true QTL position, and for a large population size. 
However, doubts have arisen that this is correct for small populations and/or small QTL effects 
(Van Ooijen 1992 and Mangin et al. 1994). 
In the current study, single markers were used in combination with a very dense marker map, 
ignoring recombination between marker and QTL, and F-values were used rather than likelihood 
ratios to test for the presence of a QTL at a marker locus. By analogy with the 1 LOD drop-off 
method, the drop in the F-value was investigated that is appropriate for a 95% confidence 
interval. The equivalent to 1 LOD in terms of drop in F-value would be 4.6, which is 1/ (Y: log10 
e), because F/N  is equivalent to x2 Jor large N, giving a 96.8% confidence rate (Mangin et al. 
1994). The required drop to give 95% confidence is the difference between the F-value at the 
locus that is proposed as limit of the confidence interval and the maximum F-value over all loci 
of the chromosome, so that in 95% of the replicates the true QTL position is between the limits 
determined for that replicate. The test for QTL location T(d) (calculated as the highest F-value 
found along the chromosome minus the F-value at the tested location d0) was found not to look 
like Xi  under the null hypothesis, for a small QTL effect, even for large populations, which 
agrees with the findings of Mangin etal. (1994). There were too many observations with higher 
values than could be expected based on a chi-squared distribution, so using a 3.84 drop (the 5% 
quantile of a chi-squared distribution with 1 degree of freedom) would seriously underestimate 
the 95% confidence interval. 
However, at any given position d along the chromosome, the F-value does behave as expected 
from theory, and the square root of FIN  follows a tN distribution (for large N). Also, because 
recombination is simulated based on Haldane's mapping function, the correlation between the 
F-values at any two positions d1 and d., along the chromosome is (1 - 2r) = e 
- d2j. So when 
looking at a given pair of chromosomal locations, the test follows a non-central chi-squared 
distribution, but when one of those locations varies between replicates (which is for example the 
case when the test is the difference between the F-value at the estimated QTL location and the 
F-value at the true QTL location), the theory breaks down. 
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With a very dense map the number of recombinations between markers will be very small, so 
single observations can have a large influence on the F-value and the F-values can show many 
peaks and dips. This makes the required drop to obtain a 95% inclusion rate greater (to 'jump' 
over such peaks and dips), and with that the confidence interval will increase. When the number 
of recombinations between markers increases (usually because of more animals) or their 
information content increases (because of a higher heritability), F-values behave in a less erratic 
way. The smoother curve means a smaller required drop and a smaller confidence interval. The 
drop will also be smaller because the locus with the highest F-value will be closer to the real 
QTL position, so there are less peaks or dips to cross. 
The required drop seems to decrease linearly with an increasing information content, but never 
reaches an asymptotic value. This might be due to the fact that the confidence interval has a 
minimum size; it cannot be smaller than two times the distance between neighbouring markers. 
When the bottom limit of the confidence interval is reached, the required drop becomes 
undefined, so the asymptotic case needed to make the assumption of a chi-squared distribution 
hold, cannot be reached. Interval mapping gives no minimum limit to the confidence interval, 
and ultimate smoothness can then be achieved when the confidence interval fits in between 
markers and the population is large enough to obtain multiple recombination events between 
adjacent markers; maybe then the chi-squared assumption holds. 
In case of a monotonic decline of the F-values from the peak value, confidence intervals 
determined 'inside-out' (searching from the peak value outwards until the desired difference is 
found) and 'outside-in' (searching from the chromosome ends inwards until the desired 
difference is found) should be the same. With an increasing population size, the F-value curve 
should become more monotonic, but no convergence could be shown for 'inside-out' and 
outside-in' in Chapter 5. Making a choice between the two approaches is rather arbitrary. Maybe 
a third option, using a discontinuous confidence interval (that includes all loci for which the 
difference of its F-value with the maximum F-value is less than or equal to the required drop) 
would be a better option. 
The required drop values to obtain 95% inclusion were determined empirically, in order to use 
them to compare the performance of different selection strategies. The exact relationship with 
marker spacing, size of the QTL effect and number of observation is not fully understood. The 
validity of the drop-off value also depends on the population that is used as mapping source. The 
population that was used to determine the required drop consisted only of first backcrosses, and 
later backcrosses might behave differently. Another factor of importance could be selection. In 
this case the selection is not expected to cause a bias in the position estimate, because there is 
only one QTL influencing the phenotype and there are no other effects that can cloud the 
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estimation of the QTL effect (the estimate of the QTL effect did not show any bias in any of the 
selection strategies). 
For the first three selection strategies that were investigated (Chapter 6) not even the test T(d0) 
(the difference between the maximum F-value and the F-value at position d0) for QTL position 
is affected by selection (at least not within the boundaries of the confidence interval estimated 
in the previous generation), and inclusion rates are close to the desired 95%. 
The other two selection strategies (Chapter 7) were more effective (in increasing the accuracy 
of the QTL position estimate) and of course then selection does decrease the value of T(da). For 
the 'overlap method' 1000 replicates gave an inclusion rate that over generations was 
increasingly higher than the desired 95%, but for selection on the quantitative measure of marker 
variability the inclusion rates seemed too low, although only 100 replicates were available which 
gave highly variable results. This does not mean that the method was biased, but does show that 
the drop-off value that was used was not the most appropriate one to obtain a 95% confidence 
interval. It is very likely that different types of selection might influence the required drop in F-
value differently. Using one drop for a range of population sizes might be acceptable to compare 
methods as in Chapter 6. but if one is interested in absolute values of the confidence interval, 
they cannot be obtained that way. 
A different marker spacing will create the need for a different drop in F-value. For the marker 
density of 0.1 cM and a small QTL effect, a drop-off value of 10.0 seemed reasonable over a 
great range of population sizes, but for a marker density of 1.0 cM a drop-off value of 9.0 was 
better. Both values are very different from 3.84, which is the 5% quantile of a chi-squared 
distribution with 1 degree of freedom. Applying those drop-off values to the selection strategies 
used subsequently gave the interesting result that for either marker spacing the confidence 
intervals were very similar, although for the less dense marker spacing the confidence interval 
was expected to be slightly longer (due to the larger effect of the conservativeness in the method 
of determining the interval limits and the expected underestimation of the maximum F-value). 
By decreasing the density, the number of recombinations between markers will increase, giving 
a slightly smoother curve of F-values plotted at all marker positions, which will require a lower 
drop in F-value and so give a shorter confidence interval. Those effects seem to balance out and 
result in a confidence interval of similar length for a dense or less dense marker map. 
In a practical situation only one replicate is available, so it is very important that the confidence 
interval is correct for that 'replicate'. If the confidence interval is going to be used as the basis 
of selection decisions, one wants to be sure that there really is 95% confidence in the estimate. 
The method proposed in this study is more suitable for that than the method proposed by Darvasi 
and Soller (1997), because it is based on average performance per replicate, and not on the 
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distribution of best estimates over replicates. The two methods might never converge (which 
might be expected in an asymptotic case) because the asymptotic case cannot be reached with 
single tests at each marker (shown in Chapter 5). Bootstrap methods might offer a good 
alternative (Visscher et al. 1996b). 
Selection strategies aiming at improving the QTL position estimate and MA! 
efficiency 
The tool that was developed in this study to measure accuracy of the QTL position estimate was 
applied to several different selection strategies. The strategies were tested with respect to their 
ability to decrease the confidence interval and map the QTL as precisely as possible, and also 
with respect to their ability to quickly recover the background (recipient) genotype and to retain 
the desired QTL allele. Because the first three methods that were developed failed to give any 
improvement in accuracy of the QTL position estimate due to selection (over and above 
improvement due to increased sample size), two additional methods were developed using a 
rather- different approach. They were especially aimed at reducing the confidence interval by 
promoting recombination in this region, either by demanding recombination in certain regular 
places (overlap method), or by encouraging recombination as much as possible (selection on 
maximum marker variation within and between selected sires). 
All the selection strategies were applied to a backcrossing scheme over 5 generations. A first 
backcross or an F2 population (or a further intercrossed population) is commonly used for 
mapping purposes. Backcrosses have the advantage that there are less interactions of the target 
QTL with donor alleles at other loci (epistatic or pleiotropic effects), and the effect can be judged 
in the right background of recipient alleles. Also, the resulting population is closer to the end 
goal; a new line improved by the introgressed gene, and only one or more intercross generations 
are needed to achieve this goal, which means a substantial time gain. A drawback of using 
advanced backcrosses is that the power of detection is decreased (Tanksley and Nelson 1996), 
but in our methods all backcross generations were used in the mapping analysis and not only the 
final one, which reduces this problem. Also, because the methods in this thesis are developed 
with a pig breeding situation in mind, the use of several subsequent generations of selection was 
preferred over the development of introgression lines (as described by Eshed and Zamir (1995)). 
By selecting every generation, the production of low-value animals (without the introgressed 
allele) is reduced to a minimum, and the final generation contains a maximum number of animals 
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with the desired genotype. In plant breeding this might not be of importance, because only one 
individual is sufficient to create a whole new line. 
Darvasi (1997) proposed to use Interval-specific congenic strains to fine-map a QTL into a 1-
centimorgan interval. He argued that only about 1000 individuals were needed to map a QTL that 
was previously mapped into a 10 cM interval into a 1 cM interval. This compares favourably 
with the methods described in this thesis, where a similar precision is achieved after 4 
generations of backcrossing in a population of 640 individuals (2560 individuals). However, in 
this thesis the QTL does not need to be mapped into a 10 cM interval beforehand. When using 
the formula Darvasi uses in his 1997 study: CI = 1500 / (Nd) (where C1 is the length of the 
confidence interval in cM, N is the number of individuals and d is the allele substitution effect), 
another 750 animals would be needed to achieve a 10 cM interval (when the QTL accounts for 
4.8% of the total variance, d equals 0.45) before the ISCS can be developed. Every congenic 
strain is based on only 1 individual, which might not be advisable in a livestock breeding 
situation. Only one out of the 10 congenic strains produced contains the desired QTL, which in 
this example means about 40 individuals, leaving 90% of the individuals without the desired 
introgression. When -using one of the strategies described in this thesis, for example the 'overlap 
method' (Chapter 7), 40% of the fourth backcross generation would be a carrier, which in case 
of a population size of 640 means 256 individuals. However, those individuals are all 
heterozygous for the desired allele, so another generation will be needed to obtain the equivalent 
of a congenic strain. 
When using the selection methods that do not break up the confidence interval (Chapter 6), it 
would have been just as effective to increase the population size fivefold and use only one 
generation, rather than to select over five subsequent generations, if only the decrease of the 
confidence interval was to be achieved. The advantage would be that a considerable time gain 
is made, but a disadvantage is that five times more raising and keeping facilities would be 
needed. Selection is effectively decreasing the confidence interval for the methods that break up 
the confidence interval (Chapter 7), so there it has to be considered how important the time factor 
is compared with the further increase in accuracy of the QTL position estimate. 
The size of the QTL is an important factor in the decision wether to introgress the QTL. The QTL 
effects used in this study explained approximately 5 and 20%, respectively, of the total variance; 
assuming that a smaller effect would not be worth while and a bigger effect would not be 
realistic. 
Accumulating data over subsequent backcross generations proved to be an effective way to avoid 
losing the introgressed gene. The QTL position estimate on which the selection is based 
improves every generation, and mistakes made in an earlier generation can, to a certain extent, 
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be corrected in the next generation, by not selecting progeny from a sire that according to the 
latest analysis had an undesirable genotype. Only if all sires turn out to have had the 'wrong' 
genotype in the previous generation, the desired allele can be lost, but this is a rarity. Risk 
increases with the selection methods that encourage recombinations within the confidence 
interval. The risk is reduced by the selection of a complement, so that the genomes of the pair 
together cover the whole confidence interval with donor alleles (which also makes sure that 
within the confidence interval every locus still shows variation, which is important for mapping 
purposes). Unfortunately, a complement cannot always be found. A large reduction in number 
of animals with a copy of the desired allele can be problematic in the intercrossing phase, as has 
been discussed above. 
Selection for number of loci homozygous for the recipient allele was shown to be an effective 
way to speed up the recovery of the background (recipient) genotype. Without active selection, 
the recovery could also be very good, as shown for the methods used in Chapter 7. By promoting 
recombinations within the confidence interval in the current generation, more recombinations 
(although not new) will be found just outside the confidence interval in the next generation, 
because the interval length usually decreases from one generation to the next. Active selection 
on the number of loci homozygous for the recipient allele in combination with selection on the 
primary trait (recombination within the confidence interval) might be able to further improve the 
recovery, but is also likely to decrease the selection pressure on the primary trait, so impeding 
the improvement in accuracy of the QTL position estimate. The method that selects for donor 
alleles within and recipient alleles outside the confidence interval (Chapter 6) still offers some 
scope for improvement; instead of rigidly selecting on the two criteria, one could develop an 
index giving more weight to donor alleles close to the QTL position estimate, and more to 
recipient alleles outside the confidence interval. This might improve the accuracy of the position 
estimate as well as the recovery of the background genotype. 
When the genotype within the confidence interval was used as a selection criterion, there was a 
strong interaction between the progress made in decreasing the confidence interval and in 
recovery of the recipient genome. A long confidence interval could restrict the recovery of the 
background genotype, while a short confidence interval could speed up the recovery 
substantially, not only when there was active selection on number of loci homozygous for the 
recipient allele. In Chapter 3 it was found that adding direct selection on recovery can increase 
the risk of losing the introgressed allele when marker alleles are not fully unique to the base 
populations, but this is unlikely to be the case for fully informative markers and no evidence was 
found for it in Chapter 6. 
Further improvements on the methods that split up the confidence interval (Chapter 7) might be 
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made by using more optimal parameters than the ones used in Chapter 7. There was some 
evidence that giving slightly more weight to group variation score than to individual scores was 
best, but this should be investigated more thoroughly. Also, an optimisation of the parameters 
should take place per generation rather than for all 5 generations at once. Nevertheless, one 
should not expect an enormous improvement in the accuracy of the QTL position estimate from 
optimising the parameters, because particularly in later generations confidence intervals are so 
short that only a limited number of individuals with recombinations within the interval will be 
available, giving limited scope for improvement. 
When using the best of the tested parameters (first method: c = 0.25, = 0.0; second method: 
= 0.3, Y2 = 3.0), the 'overlap' method as well as the 'quantitative' method maximising the 
number of recombinations within the confidence interval, might lead to selection of more or less 
the same individuals. However, the 'quantitative' method has not been as exhaustively explored 
as the 'overlap' method, so no comparison could be made for larger QTL effects or greater 
population sizes. For the small QTL effect and population size the position of the QTL at 25 cM 
from the end of the chromosome can have biased the results, where this bias is expected to be 
less of a problem for larger QTL effects or population sizes. The 'quantitative' method was 
computationally very demanding, and exploring this method further will not be worthwhile if 
it is indeed the case that confidence intervals are underestimated due to using the drop in F-value 
of 10.0, where the overlap method gives an overestimated confidence interval, and so would 
perform better when the correct drop-off value were used. Further testing over more replicates 
would be required to prove this. 
Rather than Irving to improve the existing methods, one could develop a new method to attempt 
to further improve the accuracy of the QTh position estimate. In Chapter 7 an alternative method 
was proposed, using a selection criterion more directly related to the goal than the earlier 
methods. This method involves predicting the marker genotypes of the progeny, which together 
with the position estimate available in the current generation will make it possible to predict the 
F-values at the loci in the next generation. The group of sires that gives the narrowest peak in F-
values based on their predicted offspring can then be selected. This method might be particularly 
valuable in species where individuals are very expensive, so risk-reduction and avoidance of 
production of less useful individuals are very important. 
Applications.to pig breeding 
It has been stressed earlier on that most of the simulations that were carried out might bear more 
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direct relevance to a plant breeding situation than to an animal breeding situation. However, this 
does not mean that the conclusions would not be valid when applied to pig breeding practice. To 
illustrate this point, three different situations of marker assisted introgression are described and 
it is explained what the practical problems are and how those problems can be dealt with. 
Introgressing a known gene (e.g. a coat colour gene, the halothane gene) into a recipient 
population. If the genotype for this gene is directly observable (either by means of genotyping 
or by phenotyping), the markers are only needed to identify the background genome. In this 
thesis, the importance of using markers that have alleles unique to the alternative parents has 
been stressed, but this might be problematic if a large number of markers is needed to cover the 
whole background genome. However, only close to the introgressed gene it is of great 
importance to have a dense marker map, in order to effectively decrease the linkage drag. On 
non-carrier chromosomes only one or two markers are already very effective (Visscher 1996, 
Hospital et al. 1992), so by selecting only between markers rather than also between animals it 
should be possible to find a sufficient number of markers with alleles unique to the alternative 
parents. - - - 
Selecting over a number of moderately sized generations has advantages over selecting within 
a single generation of the same total size, because using more generations opens the possibility 
of early selection and avoids production of animals with large chunks of undesirable genome 
over successive generations. Using several generations is also beneficial if crossover interference 
is occurring. Not much is known about existence of crossover interference in pigs, but it is 
commonly assumed to be not important (i.e. Haldane's mapping function is used in analysis and 
not for example Kosambi's mapping function). If crossover interference were present, a double 
recombination in close proximity of each other as desired for introgression (on either side of the 
introgressed allele) would be less likely to occur in a single generation. Backcrossing over more 
generations (as proposed in this study) will enable recombination close to each other because 
those recombinations can occur in different generations (i.e. not stem from the same meiosis). 
Introgressing a QTL with unknown position and effect. The overlap' method described in this 
thesis can be applied here; the QTL can be gradually mapped over a number of backcross 
generations while removing as much of the background donor genome as possible. Although in 
this thesis a very dense marker map is used and genotypes for all markers are assumed to be 
determined, this will not be needed in practice. 
In the first backcross generation, first a broad genome scan can be done with relatively few 
markers covering the whole genome. By using interval mapping the first QTL location estimate 
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can be produced. Then a more detailed scan can be carried out within the established confidence 
interval; the level of detail will depend on the selection strategy. For example, if the 'overlap 
method' is to be applied, sufficient markers within the confidence interval will need to be 
genotvped in order to have a reasonable estimate of the place of a recombination, and reasonable 
confidence that no other recombinations have occurred within the confidence interval. 
Genotyping can be restricted to the animals that were heterozygous at the marker closest to one 
limit, and homozygous at the marker closest to the other limit of the confidence interval. 
In the next generation only the region covering the confidence interval determined in the 
previous generation needs to be relatively finely mapped, again initially with a rather sparse 
marker map followed by a more detailed scan within the newly established confidence interval 
and depending on the selection strategy. If the initial scan does not result in a significant QTL 
effect (the QTL is not present in this region), a number of additional markers can be typed 
outside the region. It is very unlikely that the selection strategy of selecting for alternative but 
overlapping heterozygous regions within the confidence interval will lead to loss of the 
introgressed allele (Chapter 7), as long as the heterozvgosity in those regions has been 
established adequately (i.e. one has to be confident that no homozygous regions occur within the 
supposedly heterozygous region). 
To achieve a confidence interval of 1 cM, a marker map of at least 1 cM density around the QTL 
position estimate will be required, and preferably even denser if not all marker loci carry 
altemative alleles between parents. With the current fast rate of progress in the field of mapping 
studies, this might become realistic in the not too distant future (C.S. Haley, personal 
communication). 
Although it has been shown that selective genotyping up to half of the population can give nearly 
full power of detection (Lander and Botstein 1989, Darvasi et at. 1993), it will be difficult to 
benefit from such a saving in this situation, because most of the selection strategies proposed in 
this thesis are based on rather detailed knowledge of the genotype (particularly within the 
confidence interval). Less detailed knowledge about the places where recombinations occur 
within the confidence interval (in individual animals) compromises the precision of the selection, 
and with that the effectiveness. 
Intro gressing a gene from a synthetic population into a (purebred) recipient. If the original 
donor population is not (easily) available, a crossbred population based on the donor and the 
commercial 'recipient' population could be used. By comparing the marker alleles of the 
synthetics with the alleles of the purebred animals, it can be determined which alleles do not 
occur in the purebred population and for this reason are very likely to stem from the original 
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donor population. When the source of the available alleles has been determined, backcrossing 
and selection can be carried out as described before. 
The synthetic population could be an advanced intercross between the two source populations, 
but is unlikely to be an unselected intercross. Advanced intercross populations are by nature 
extremely variable, and individuals can occur that are genetically very close to either of the two 
source populations. In a commercial situation much of this variation, that would make mapping 
experiments very powerftil, will have been selected out to obtain a population that is an 
improvement on both source populations. During the selection process some of the most valuable 
donor alleles can be lost due to negative correlations with production traits under selection, 
which is a major drawback of using synthetics as opposed to an unselected (back)cross. 
It is likely that there is more than one QTL that influences a trait, and probably also more than 
one QTL that could be introgressed from the donor population into the recipient population. 
When more QTL are present, the model used to estimate the effect of the QTL that is to be 
introgressed needs to be adjusted to accommodate for this. Although this makes the situation 
rather more complicated than the situation described in this thesis, the mapping-while-
introgressing approach is then by no means made impossible. One can no longer ignore the 
family structure and this also needs to be taken into account while choosing the correct model 
to estimate QTL effect and position. 
A further complication would be if during the process of fine mapping evidence shows that 
several tightly linked QTL are being introgressed rather than one single QTL. The availability 
of a very fine marker map is then even more important. Introgression of several linked QTL 
complicates the selection procedure, because each QTL will have its own confidence interval in 
which overlapping regions of donor alleles will have to be found in different animals. To find 
sufficient animals with the desired marker genotype, a larger population size might be needed 
than when only one QTL is to be introgressed. 
The method of introgressing a QTL while re-calculating and improving the position estimate 
every generation provides good opportunities for application in a pig breeding situation. By 
selecting at each generation the method makes maximum use of each individual and produces 
a minimum number of animals of less desirable genotype. This is an advantage over earlier 
proposed methods, e.g. using advanced intercrosses (Darvasi and Soller 1995), which are highly 
variable and also include extremely undesirable individuals, or using advanced backcrosses 
(Tanksley and Nelson 1996), where only one offspring per parent was used to become a parent 
itself, which in case of pigs would be 'wasting' the other piglets in a litter. The method proposed 
here has also advantages over using Interval-specific congenic strains (Darvasi 1997), because 
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only the strain which has the desired introgression is of ultimate interest to the breeder; the other 
strains will usually not outperform the recipient individuals. It would be an interesting challenge 
to apply the theory developed in this thesis in a practical situation. 
Conclusions 
The main conclusions of this thesis are: 
If markers are used to identify the introgressed allele, parents should be selected to have 
alternative alleles. If marker alleles are not completely unique to the base populations, 
the introgressed allele can easily be lost, particularly if a single marker is used and also 
selection on background genotype is applied. If parents cannot be preselected, selection 
on probability of presence of the introgressed allele while giving preference to 
heterozygotes, is a reasonable alternative. 
In order to determine the limits of the confidence interval for a QTL position estimate, 
the drop in test statistic should be chosen appropriately according to marker spacing, 
QTL effect and number of individuals. If a very dense marker map is used, relative to 
the QTL effect and number of individuals, the many peaks and dips in the test statistic 
due to a small number of recombinations, cause the required drop to obtain the desired 
confidence level to be higher than expected when assuming the test for location to 
follow a chi-squared distribution. When using a single marker approach, the confidence 
interval is limited by the marker density, and this might effect the required drop-off. 
The most effective selection strategy to decrease the confidence interval of the QTL 
position estimate over 5 generations of backcrossing encourages recombinations within 
the confidence interval. This approach also stimulates a quick recovery of the 
background genotype. Accumulating data over generations allows for corrective 
selection decisions that avoid losing the introgressed allele. If the QTL effect accounts 
for 5% of the total variance, the confidence interval can be brought back to less than 8 
cM in the fifth backcross generation (using a population size of 144). 
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Summary 
This paper investigates marker-assisted introgres-
sion of a major gene into an outbred line, where 
identification of the introgressed gene is incom-
plete because marker alleles are not unique to the 
base populations (the same marker allele can 
occur in both donor and recipient population). 
Those markers are used to identify the intro-
gressed allele as well as the background genotype. 
The effect of using those markers, as if they were 
completely informative on the retention of the 
introgressed allele, was examined over five gener-
ations of backcrossing by using a single marker or 
a marker bracket for different starting frequencies 
of the marker alleles. Results were calculated by 
using both a deterministic approach, where selec-
tion is only for the desired allele, and by a stochas-
tic approach, where selection is also on back-
ground genotype. When marker allele frequencies 
in donor and recipient population diverged from 
1 and 0 (using a diallelic marker), the ability to 
retain the desired allele rapidly declined. Marker 
brackets performed notably better than single 
markers. If selection on background marker geno-
type was applied, the desired allele could be lost 
even more quickly than expected at random 
because the chance that the allele, which is com-
mon in the donor line, is present on the locus 
identifying the introgressed allele and is sur-
rounded by alleles common in the recipient line 
on the background marker loci, will descend from 
the donor line (double recombination has taken 
place), is a lot smaller than the chance that this 
allele will stem from the recipient line (in which 
the allele occurs in low frequency). Marker brack-
ets again performed better. Preselection against 
marker homozygotes (producing uninformative 
gametes) gave a slightly better retention of the 
introgressed allele. 
Keywords: animal breeding, marker-assisted 
introgression, outbred populations, quantitative 
trait loci 
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Introduction 
Different breeds of plants or livestock can have 
different traits that make them of interest for 
commercial use. In traditional crossbreeding 
schemes to create a synthetic, breeds would be 
crossed and the offspring would be selected on 
the beneficial characteristics of all parental 
breeds. If one of the breeds has only one or a few 
interesting traits, ideally we would like to trans-
fer only the gene(s) controlling this trait to a 
commercial population, which outperforms the 
first breed for other traits and leaves the rest of 
the genome, the 'background genotype', 
unchanged. 
Introgression of the desired gene(s) can be per-
formed by using backcrossing, where the donor 
breed (supplying the genes to be introgressed) is 
crossed with the (commercial) recipient breed, 
the crossbred generation is crossed with the 
recipient again, and so on, until most of the 
genome of the backcrossed animal descends. 
from the recipient population, except for the 
introgressed genes. Intercrossing can then take 
place to make the desired alleles homozygous. 
Introgression can only be carried out effec-
tively if it is possible to identify the descent of 
the alleles at the loci of the introgressed genes as 
well as for the background genotype. Recent 
progress in mapping markers, major genes and 
QTL5 (quantitative trait loci) makes this increas-
ingly feasible. 
A number of earlier studies have looked into 
the problems and benefits of introgression by 
using markers to aid recovery of the background 
genotype and identification of the desired alle-
les (MAI or Marker Assisted Introgression). 
Hillel et a]. (1993) were very optimistic about 
the benefits of applying MAI to a poultry breed-
ing scheme. They concluded that if (intensive) 
selection on background genotype was carried 
out by using DNA fingerprinting, only two gen-
erations of backcrossing were needed to recover 
almost all of the recipient genotype (assuming 
complete identification of the introgressed 
allele). Hillel eta]. (1993) treated the fingerprint 
markers as completely independent markers 
and ignored their dominant character, non-ran- 
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dom distribution over the genome and any 
recombination between chromosome segments 
and markers. 
Hospital et a]. (1992) also assumed direct, 
complete identification of the introgressed gene, 
but used a more realistic approach that 
accounted for recombination events. Minimizing 
the donor segment around the introgressed gene 
was studied separately from the recovery of 
recipient genome on the other chromosomes. 
Hospital et a]. (1992) were also less optimistic 
about the number of backcross generations 
needed to successfully introgress a gene and 
recover the background genotype of the recipi-
ent; this depended on the quality and quantity of 
the markers used. 
Visscher et a]. (1996) used markers to identify 
the introgressed gene. They studied a gene at a 
known position as well as at a sampled position, 
mimicking a realistic situation where the exact 
position of the introgressed gene is not known. 
They assumed marker alleles to be unique to the 
alternative base populations and therefore fully 
informative in the first cross (1 7 1 ). The predictive 
value of the markers will only become limited 
over generations because of recombination 
whereas, in reality, markers might often start as 
not unique to the base populations. 
Groen & Smith (1995) looked at a situation 
where less informative markers were used: the 
marker allele Ml, which had a frequency of 
100% in the recipient population, also occurred 
in the donor population with a frequency of 
20%. This means that marker allele M2 is still 
unique to the donor population; therefore the 
introgressed QTL-allele can still be fully identi-
fied in the F 1 , and the introgression results will 
not be impeded. 
In most of the alternatives shown by Groen & 
Smith (1995), marker alleles used to identify 
introgressed allele as well as background geno-
type were fixed in the alternative base popula-
tions. However, the difference between the fre-
quencies of the 'good' background QTL-alleles 
in donor and recipient populations was very 
small (0.7 and 0-6, respectively). This implies 
that the markers will pick up very little genetic 
variance and that the within-line variances are 
large. Therefore, their conclusion that pheno-
typic selection outperforms selection on 
genomic similarity is, given the parameters, not 
surprising. 
Gama et al. (1992) compared within-line phe-
notypic selection (within the recipient line) 
with introgression, to determine the genetic lag, 
caused by the introduction of an inferior animal 
(or breed) into a highly selected commercial 
nucleus, in order to introgress a gene. The effect 
of the introgressed gene has to be greater than 
the genetic lag to make the scheme profitable. 
Another reason for the lag is that selection on 
production traits, other than those influenced by 
the introgressed gene, cannot be as intensive as 
in the purebreeding nucleus. The lag becomes 
greater if the within-line selection is based on 
Best Linear Unbiased Prediction (BLUP), 
including information on relatives, because the 
response in the purebreeding (recipient) popula-
tion would be higher. 
All the studies mentioned above assumed that 
the introgressed allele would be easily identifi-
able by direct observation or by a marker allele 
unique to the donor population. This might be a 
good starting point for introgression studies but 
the consequences, if this assumption is invalid, 
should be examined. In this study, markers were 
used to identify the introgressed gene (with 
known position), of which the marker alleles 
were not necessarily unique to the alternative 
base populations. This introduced an extra 
uncertainty to the introgression process. It was 
assumed that the allele frequencies in the base 
populations were known, although the donor 
population itself might no longer be available 
(and even if the starting frequencies in the donor 
population were unknown a fair indication of 
their frequencies could be obtained by compar-
ing the available crossbred and recipient popu-
lations). This study aimed to investigate the 
severity of problems that the extra uncertainty 
can cause, by loss of the introgressed allele, for 
different strategies of using the non-unique 
markers. 
Models and methods 
Introgression using one closely linked marker; a 
two-locus model 
In order to investigate the efficiency of a marker 
that is closely linked to the gene of interest, one 
can start with a very simple situation: a chromo-
some segment of 1 centimorgan (cM) in length, 
the gene of interest at one end and the marker 
locus at the other end. The trait gene was 
assumed to have a major influence on the desir-
able trait, which cannot be measured phenotypi-
cally at the moment of selection (e.g. disease 
resistance or fertility traits) and cannot be iden-
tified by using molecular analysis. 
The marker and major gene were both dial-
lelic. The donor population was fixed for the 
trait-allele Ti and the recipient population was 
fixed for trait-allele T2. The frequency of marker 
allele Al was p in the donor population and q in 
the recipient population (therefore the frequency 
© 1997 International Society for Animal Genetics, Animal Genetics 28, 181-187 
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of A2 was i-p in the donor and 1-q in the recipi-
ent population). From those allele frequencies, 
the frequencies of every possible genotype in the 
F 1 and in the recipient population could be cal-
culated. The gamete frequencies could then be 
calculated, given the recombination fraction r 
and, from this, the genotype frequencies could 
be calculated for the next generation; this was 
carried out for the following five generations of 
backcrossing. Assuming Haldane's mapping 
function, the recombination rate between 
marker and trait locus was 0.0099. 
Selection started in the first backcross genera-
tion (BC,). All the selected genotypes were 
required to have either one or two copies of the 
marker allele with the highest frequency in the 
donor population on the marker locus. It was 
assumed that p is always greater than or equal to 
q, so Al was the marker allele that was most fre-
quently linked with the desired-trait allele Ti. 
Therefore, selection was on Al, and all A1A1 
and A1A2 genotypes, either heterozygous or 
homozygous for the major gene (T1T2 or T2T2), 
were selected. Only the two genotypes homozy-
gous for the alternative marker allele A2 (either 
containing no or one copy of the desirable major 
gene allele) were not selected. 
The proportion of animals with the desired 
trait allele was given by calculating the sum of 
the genotype frequencies of genotypes having a 
copy of Ti. Ideally this will stay at 50% over the 
subsequent backcross generations, but when p 
and q are not equal to I and 0, respectively, the 
marker will not be fully informative, so selec-
tion will be less efficient and the percentage will 
be lower than 50%. In later generations, recom-
bination will make the predictive value of the 
marker even lower. 
Starting frequencies p/q were chosen as 
1.0/0.0 (fully informative marker), 0.99/0.01, 
0.95/0.05, 0.9/0.1 and 0.5/0.5 (completely unin-
formative marker); so, apart from in the first 
case, both marker alleles can come from both 
populations. To investigate the effect of only 
one allele occurring in both populations, the 
percentage of animals having a copy of Ti, in 
backcross generation five, was calculated for a 
starting frequency p of 1, with q varying 
between 0 (fully informative) and 1 (completely 
uninformative). 
Selection on heterozygosity. Selecting indi-
viduals with at least one copy of marker allele 
Al meant that marker homozygotes as well as 
heterozygotes were selected. One of the copies 
of the marker allele always comes from the 
recipient parent, so half of the gametes of the 
homozygous (A1A1) animals will be 'false posi-
tive'. To avoid the production of false positives,  
an extra selection criterion can be added: bet-
erozygosity at the marker locus. 
This strategy was investigated for the single 
marker case with a p and q of 0.9 and 0.1, 
respectively, again over five generations of back-
crossing. Only animals heterozygous for the 
marker were selected from BC, onwards. If F 1 
animals were typed they could be selected for 
heterozygosity on the marker locus as well, so 
retention of the introgressed trait allele for het-
erozygosity selection, started in the F 1 , was also 
investigated. 
Introgression using one or two markers: a 
stochastic approach 
To study more complicated situations, a 
stochastic simulation was implemented. For 
every animal a genome was simulated, consist-
ing of one chromosome with a number of loci 1 
cM apart. One of the loci contained a major 
gene, at a known position. The major-gene alle-
les were assumed to be fixed in the base popula-
tions, giving allele Ti a frequency of 100% in 
the donor population and allele T2 a frequency 
of 100% in the recipient population. Selection 
was on markers, because the major gene was 
assumed to be not readily identifiable. The 
marker alleles again were not fully informative: 
the frequencies could vary, where the frequency 
of allele 1 of all markers (e.g. Al, Bi, etc.) wasp 
in the donor population and q in the recipient 
population. Three different combinations of 
starting frequencies p and q were investigated: 
1.0/0.0, 0.9/0.1 and 0.5/0.5. In all simulations 
recombination between loci followed Haldane's 
mapping function. 
The simulated population had a size of 800: 
10 sires were selected to be used on 10 dams 
each; every dam had eight offspring (four males 
and four females), thus resembling a nucleus 
pig-breeding population. The F 1 was formed by 
crossing the donor and the recipient population, 
after which the crossbred animals were back-
crossed to the recipient population for five gen-
erations, creating BC,—BC,. In the five backcross 
generations, selection took place among males, 
which were mated to females from the recipient 
population. 
Two-locus model. To test the programme, the 
first situation simulated was a two-locus chro-
mosomal segment for each animal, mimicking 
the calculations from the deterministic 
approach mentioned earlier on, so results could 
be compared. Again the segment was assumed 
to be 1-cM long with, on one end, the diallelic 
marker and, on the other end, the diallelic major 
gene. Results were averaged over 100 replicates. 















Fig. 1. Percentage of animals with the desired trait allele over five generations of 
backcrossing. A single, diallelic marker was used to identify the major gene 
allele for five different, opposite marker allele frequencies in the donor and 
recipient population. 
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Multilocus model. The next situation consid-
ered was a multilocus model, where every indi-
vidual was assumed to have a genome length of 
100 cM. Markers were equally spaced over the 
genome in 10-cM intervals with markers on 
either end of the (single) chromosome; therefore, 
there were a total of 11 markers, equally spaced 
over the chromosome (position 1, position 11, 
etc. to position 101). The major gene was fixed 
on position 30 if only one marker was used for 
identification of the major gene-allele or on 
position 35 if a marker bracket was used. For 
identification of the major-gene allele the closest 
available marker(s) were used, being the marker 
on position 31 in the one marker case and the 
markers on position 31 and 41 if a marker 
bracket was used. 
Selection took place in two steps. The first 
step was aimed at preserving the desired trait 
allele, so only animals with at least one copy of 
the thought-to-be desirable marker allele were 
selected (Al if a single marker was used, Al and 
Bi if a marker bracket was used). The second 
step was aimed at recovering the background 
genotype of the recipient as quickly as possible 
by selection on markers, and was either at ran-
dom or on a marker score. This score (defined by 
Visscher 1996) is essentially calculated as the 
proportion of marker loci thought to be descend-
ing from the donor population, those with the 
most 'l'-alleles over all marker loci (including 
the loci nearest the major gene locus) being 




The percentages of animals that still have the 
desired (introgressed) trait allele over five gener-
ations of backcrossing, for the two-locus deter-
ministic model and five different starting fre-
quencies (1.0/0.0, 0.99/0.01, 0.95/0.05, 0.9/0.1 
and 0.5/0.5), are given in Fig. 1. If the starting 
frequencies are 1•0 and 0.0 all Al alleles origi-
nally stem from the donor population and all A2 
alleles stem from the recipient population. The 
marker is then fully informative in the F 1 , but, 
with recombination, the percentage of animals 
with the desirable trait allele decreases slightly 
over generations (e.g. 48.0% in BC.). 
Where starting frequencies are 0.5 and 05 the 
marker is completely uninformative in the F 1 , so 
the percentage of animals with desired trait allele 
should halve every generation. This is true until 
BC3 , but in BC, the percentage is 66; slightly 
higher than the expected 625%, and in BC, the 
discrepancy is even greater (3.7% compared with 
the expected 3.1%). Because we keep selecting 
on Al-marker alleles, linkage disequilibrium will 
eventually be induced between marker and major 
gene, even if absent in the first backcross genera-
tion. Selection starts only in BC 1 , so disequilib-
rium has not yet been induced and the frequency 
will halve, as expected, in BC 2. The selected BC 2 
parents will produce more Al-gametes that origi-
nate from their BC,-parent than Al-gametes origi-
nating from their recipient parent and, because 
Ti can come only from the BC 1 -parent, the frac-
tion of Ti within Al-gametes is higher than the 
fraction of Ti within A2-gametes. This effect will 
become visible in the selected group in BC 3 (not 
in BC3 itself because the fraction of Ti gametes 
overall from BC 2 is just one of eight, as first 
expected) and in the gametes the BC,-animals 
produce. This means that the fraction of animals 
with a desired trait allele in BC, will not halve 
but will be slightly higher than half, and so on in 
later generations. This effect depends only on the 
recombination rate between marker and major 
gene: if the recombination rate is 0.5, marker and 
major gene segregate completely independently 
of each other so no linkage can be induced but, if 
the recombination rate is close to 0, the effect will 
be maximal and very close to the results shown in 
Fig. 1 (for a recombination rate of 0.0099). 
The curve for starting frequencies 0.9/0.1 in 
Fig. 1 is almost midway between those for start-
ing frequencies 1.0/0•0 and 0.5/0.5, indicating 
that the relationship between starting frequencies 
and loss of the introgressed allele is not linear. 
Figure 1 indicates that starting frequencies have 
to be extreme to avoid loss of the desired trait 
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The average values of 100 simulated replicates 
for the two-locus model (results not shown) gave 
results that were very close to those calculated 
using the deterministic approach (Fig. 1); no sig-
nificant difference between the methods was 
found. Differences between the simulated multi-
locus model and the deterministic model were 
slightly higher, but almost always convincingly 
non-significant. However, comparison of the 
simulated multilocus model and the simulated 
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Fig. 2. Percentage of animals with a desired trait 
allele in the fifth backcross generation (BC 5). A single 
diallelic marker was used to identify the trait allele at 
a distance of 1-cM from the major gene, where p 
(frequency of the first marker allele in the donor 
population) equals 1.0 and q (frequency of the first 
marker allele in the recipient population) ranges 
from 0.0-1.0. 






allele. Even if the Al-marker allele is fixed in the 
donor population, the occurrence of this allele in 
the recipient population as well can seriously 
frustrate the introgression process. This is shown 
in Fig. 2, where the percentage of animals with the 
desired trait allele inBC 5 is plotted against the fre-
quency of Al in the recipient population (q), 
when Al is fixed in the donor population. The 
percentage of animals with the desired allele 
drops very rapidly for increasing values of q. 
Table 1 shows the results of adding selection 
for heterozygosity. The preservation of the 
desired trait allele is somewhat better than it is 
without discarding homozygous animals: if the 
extra selection is started in BC 1 , 28•4% of the ani-
mals still possess the introgressed allele in BC 5 ; if 
started in the F 1 this value is 31•2% whereas, 
without the extra selection, only 239% of the 
animals still had the desired allele in BC, (Fig. 1). 
Stochastic approach 
Table 1. Percentage of animals with the desired trait 
allele over five generations of backcrossing calculated 
using a deterministic model* 
Extra selection started in: 
Backcross generation 	F1 	 BC 1 
I 	 50•0 	 50•0 
2 	 44.1 	 40.7 
3 	 39.3 	 35.9 
4 	 350 	 31.9 
5 	 31•2 	 28•4 
*One  diallelic marker was used, which was 1 cM from 
the major gene, with initial frequencies of marker 
allele Al of 0•9 and 0.1 in donor and recipient 
population respectively; there was added selection 
against animals homozygous for Al, starting in the Fl 
(first cross) or in the BCI (first backcross generation). 
were near a 5% significance level, even over 100 
replicates. There does not appear to be a consis-
tent trend in those differences. It should be noted 
that the standard deviations of the percentages 
produced by the stochastic multi-locus model 
can be rather large: from 2-17% for p/q values of 
1.0/0.0, from 4-23% forp/q values of 0.9/0.1 and 
from 5-12% forp/q values of 0.5/0.5 (BC 2—BC,). 
The limited difference in introgressed gene 
retention between the two-locus and multilocus 
model (without selection on background geno-
type) seems to justify the conclusion that as long 
as there is no selection on background genome, 
the background genome will not influence the 
outcome of the introgression process. So, if the 
preservation of an introgressed trait allele using 
non-unique markers is under scrutiny, it will be 
sufficient to consider only the markers used to 
identify the major gene. 
If selection also takes place on background 
genotype (using markers), the situation is quite 
different. Even with starting frequencies of 1 and 0 
(completely informative markers), and with one 
marker used to identify the trait allele, only 423% 
(SE 1.7) of the animals in BC, still have a copy of 
the desired trait allele. When a marker bracket is 
used this percentage is 49.7% (SE 0.2). Without 
background selection, and using a marker bracket, 
500% (SE 0.2) still have the desired trait allele in 
BC,; this percentage is 48.5% (SE 0.5) if a single 
marker is used. Starting frequencies of 0.5/0.5 
gain a major gene preservation, which is not 
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significantly different from uninformative mark-
ers in the deterministic approach, for all four 
selection strategies (results not shown). 
In Fig. 3 the differences between the four dif-
ferent selection strategies are plotted for starting 
frequencies of 09 and 0.1. Again, the marker 
bracket performs much better than a single 
marker. Selection on background genotype has a 
detrimental effect on the retention of the intro-
gressed trait allele; in the single marker case val-
ues are even lower than for no selection on the 
introgressed allele at all. 
Discussion 
The main conclusion of this work is that using 
non-unique marker alleles as if they were 
unique can lead to disaster. In particular, if 
selection is carried out on background genotype, 
as well as on presence of the introgressed trait 
allele, the chance that the introgressed allele 
will be lost is unacceptably high (Fig. 3). Even if 
heterozygosity selection is added, it will be hard 
for any commercial company to justify the 
expense of an introgression programme if, after 
five backcross generations, the chance of result-
ing animals still having the introgressed allele is 
only 31% (Table 1). 
The sudden loss of the introgressed trait allele 
when selection on background genotype is car-
ried out is not surprising when we realize which  
genotype is most preferred using both selection 
criteria. Ideally, we want a genome that stems 
exclusively from the recipient population (iden-
tified by 'two'-marker alleles), except for the 
trait allele, which has to come from the donor 
population (identified by 'one'-marker alleles). 
This can be achieved only by double recombina-
tion on both sides of the introgressed region 
(consisting of the major gene and one or two 
markers). Double recombination is relatively 
rare; it is much more likely that the whole chro-
mosome section will stem from a recipient 
gamete with only 'two'-alleles except on the 
introgressed gene marking sites (e.g. the chance 
of finding such a gamete produced by F 1 in the 
single marker case is (q) rn-I * (1-q), where m is 
the number of markers on the whole genome). 
Therefore, even if the frequency of the Al-allele 
is very low in the recipient population, it will 
act as a very effective way of selecting against 
the desirable trait allele. 
In this study, selection for background geno-
type was on markers, but it is likely that selection 
on phenotype would give the same results. It is 
much more likely that the stretch of genome 
coding for a favourable phenotype from the 
recipient has an 'unlikely' allele for the marker 
identifying the introgressed allele, than that 
double recombination has occurred around the 
introgressed gene and the marker allele really 
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Fig. 3. Percentage of animals with the desired trait allele over five generations of backcrossing. Either a single 
marker or a marker bracket was used to identify the trait allele, either with or without selection on background 
genotype (initial frequency of first marker allele in donor and recipient population 09 and 0.1, respectively). The 
data points represent the average value of 100 replicates, vertical bars represent 95% confidence intervals. 
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Keeping the percentage of animals with the 
introgressed allele at 50% over more genera-
tions of backcrossing will not be realistic unless 
the trait gene itself can be identified and direct 
selection can take place, rather than indirect 
selection on linked markers. With indirect 
selection there will always be some decrease, 
over generations, owing to recombination. For 
the sole purpose of not losing the introgressed 
allele it would be best to keep the number of 
backcross generations to a minimum, and start 
intercrossing as quickly as possible to fix the 
allele in the population. However, this implies 
that the numbers of recombinants around the 
introgressed gene have not had the chance to 
build up, so it is likely that there still is quite a 
substantial stretch of donor genome around the 
gene (Hospital et al. 1992); therefore, as far as 
minimizing the donor contribution in the back-
ground genotype is concerned, this is not the 
best way. Presumably the right moment to 
change from backcrossing to intercrossing 
depends on the reliability of the identification 
of the trait gene and the background genotype 
- (HilleFet a]. 1990), the magnitude of the differ-
ence between donor and recipient population 
- (Gama et al. 1992) and the rate of selection in 
both populations. If we expect the donor popu-
lation to have more valuable genes than just the 
gene for introgression (as in Groen & Smith 
1995), intercrossing might start sooner, together 
with selection on phenotype. 
The identification of the major-gene alleles 
was more reliable if a marker bracket was used, 
rather than a single marker, and if allele frequen-
cies were as different as possible in the alterna-
tive populations. If markers are shown not to 
give a fairly good preservation of the trait allele 
the obvious thing to do would be to look for bet-
ter markers (more closely linked or even the 
major gene itself) or to have more extreme start-
ing frequencies. This might not always be possi-
ble, or it might be undesirable to wait any longer 
to start the introgression process, so it might still 
be useful to search for strategies that can deal 
with non-unique markers. 
In all scenarios, of which results are shown in 
Figs 1 & 2, all animals are selected that fulfil the 
selection criterion of having at least one copy of 
the thought-to-be desirable marker allele, with-
out making any distinction between genotypes 
within this group. In case of one diallelic 
marker only three marker genotypes exist and 
adding the heterozygosity criterion means that 
all three genotypes are treated separately. 
However, if a marker bracket is used, no dis-
tinction is made between genotypes homozy- 
gous for one marker but heterozygous for the 
other, where the probability of those genotypes 
to contain the desirable trait allele can be quite 
different (owing to selection in previous genera-
tions, or different starting frequencies of the 
markers). Eventually, the aim is to end up with 
as many animals as possible still possessing the 
introgressed allele so, in the intercrossing phase 
following the backcrossing phase, the allele can 
be fixed in the newly created synthetic popula-
tion. Using the probability of the allele to be 
present would be a logical selection criterion in 
the backcrossing phase. It might make the selec-
tion more effective and a better preservation of 
the desired allele could be achieved. This will 
be subject of further study. 
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marker alleles II: selection on probability 
of presence of the introgressed allele 
A M van Heelsum, C S Haley, P M Visscher 
Summary 
If marker alleles that identify a gene for introgres-
sion are not completely unique to the different 
base populations, the trait allele can be lost 
quickly during the process of backcrossing. This 
study considers ways to deal with incompletely 
informative markers in order to retain the desired 
allele. Selection was based on the probability of 
the presence of the desired (introgressed) trait 
allele, which was calculated for each marker 
genotype, using a single marker or a diallelic or 
triallelic marker bracket. The percentage of indi-
viduals retaining the introgressed allele was cal-
culated over five generations of backcrossing, for 
selected fractions between 0 and 1, for marker 
alleles that could occur in both base populations. 
The best results were obtained with a rather large 
selected fraction, when all individuals, heterozy-
gous and homozygous for the most desirable 
allele at the marker loci, were selected. 
Additional selection against marker homozygotes 
(which might have the highest probability of car-
rying the desired-trait allele, but produce unin-
formative gametes) altered the optimum selected 
fraction, making the selected fraction more con-
sistently inversely related to a better retention of 
the desired-trait allele. A marker bracket was 
found to give a better retention of the desired-trait 
allele than a single marker and triallelic markers 
were better than diallelic markers, giving a reten-
tion of almost 50%. The earlier that preselection 
of parents (on informativeness) took place the 
better the overall result; preselection should 
occur preferably in the base populations. 
Preselection could make marker alleles unique to 
alternative base populations and markers would 
effectively become fully informative. Selection in 
the base populations might not be possible or not 
desirable, for example, because of the available 
number of individuals. This is unlikely to be a 
problem when parents are paired up to exclude 
any common marker alleles. 
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Introduction 
To carry out effective introgression of a valuable 
gene from a donor population into a recipient 
population the different alleles of this gene 
should be directly identifiable. Currently, much 
work is directed at finding the position of func-
tional genes (e.g. in pigs: Ellegren et al. 1994; 
Rohrer et al. 1994; Archibald et al. 1995) but, 
often, direct identification cannot be achieved 
and markers have to be used to identify the alle-
les of interest. Markers can also be used to deter-
mine the source (donor or recipient population) 
of the background genotype. 
A number of authors have looked into the pos-
sible benefits of MAI (marker-assisted introgres-
sion). Most authors assumed complete identifi-
cation of the introgressed allele and only used 
markers to identify the source of the rest of the 
genome (Garna et al. 1992; Hospital et al. 1992; 
Hillel et al. 1993). The markers they used were 
fully informative. Groen & Smith (1995) touched 
upon the problem of markers that were not com-
pletely informative by simulating a situation 
where a marker allele, which is fixed in the 
recipient population, also occurs in the donor 
population at a low frequency. However, there 
was still an allele, unique to the donor popula-
tion, which could be used to reliably identify 
the introgressed trait allele. Visscher et al. 
(1996) also considered identification of the 
introgressed gene using markers. They looked at 
a QTL (quantitative trait locus) to be intro-
gressed at a known as well as at an estimated 
position, where selection was on nearby mark-
ers. They concluded that, as long as selection 
was on marker haplotypes covering the likely 
position of the QTL, the introgressed allele 
would not be lost. Marker alleles were unique to 
alternative base populations. 
In Van Heelsum et al. (1997) the approach of 
Visscher et al. (1996) has been extended to 
non-unique markers for identification of the 
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introgressed major gene and the background 
genotype. It was concluded that using markers 
with alleles that are not completely unique to 
the donor population (to identify the desirable 
trait allele), as if they were unique, can be very 
ineffective. They suggested that distinguishing 
between all available marker genotypes, rather 
than selecting all individuals with one or two 
desired marker alleles per locus, could be a bet-
ter option. In this paper this distinction is 
made. The probability of presence of the trait 
allele of interest was calculated for all different 
marker genotypes, and ranking and selection 
took place accordingly. The aim of this work 
was to discover if this approach gained a better 
retention of the desired trait allele when 
marker alleles were not unique to the base pop-
ulations. The efficiency of this criterion in a 
backcrossing scheme was assessed for a single 
marker and a marker bracket and for diallelic 
and triallelic markers. 
Van Heelsum et al. (1997) also looked at selec-
tion against marker homozygotes because they 
produce gametes with identical marker geno-
types, which makes identification of the desired 
major gene allele impossible. This approach 
slightly improved the results, so in this paper a 
similar approach was investigated, but in combi-
nation with selection on probability, to study if 
the retention of the introgressed trait allele could 
be further improved. This paper focused solely 
on the effectiveness of the introgression itself 
(during the backcrossing phase), and ignored 
selection to recover the recipient (background) 
genotype more quickly. This seems a reasonable 
starting point because a proper identification of 
the introgressed allele has to be achieved first, 
before one can think about more complicated, 
although perhaps more realistic introgression 
programmes. Furthermore, Van Heelsum et a]. 
(1997) showed that the background genotype 
does not influence the introgression result when 
no selection on background genotype takes place. 
Models and methods 
Introgresson 
Introgression of the trait allele takes place by 
backcrossing first-cross (F 1 ) individuals (the 
product of crossing a donor and a recipient line 
or breed) to the recipient population, producing 
five subsequent backcross generations. The 
intercrossing phase, which would normally fol-
low the backcrossing phase of an introgression 
programme, was not investigated in this study. 
The introgressed gene was assumed to be a gene 
with a major influence on a valuable trait, which  
is not phenotypically identifiable at the moment 
of selection (e.g. disease resistance, litter size). 
The major gene was assumed to have two alle-
les, Ti and T2: the donor population was fixed 
for allele Ti and the recipient population for 
allele T2. The population sizes were assumed to 
be infinite. From the starting frequencies of 
marker and major gene alleles in the base popu-
lations, the recombination rate and a selection 
strategy, the frequencies of all possible geno-
types in the following crossbred populations 
were calculated. 
Selection 
Selection started in the first backcross (BC 1 ). 
Selection decisions were based on the individual 
marker genotypes; neither the major-gene geno-
types nor the parental genotypes were assumed 
to be known and so the linkage phase between 
two markers was also unknown. This situation is 
similar to the one described by Van Heelsum et 
al. (1997), where all genotypes were selected that 
had one or two marker alleles thought to be 
linked with the desirable trait allele, so the 
selected fraction was not a parameter. 
In this study, selection was on probability of 
carrying the desired-trait allele. The probability 
was calculated as the expected fraction of indi-
viduals having a copy of the desired-trait allele 
within a group of individuals with the same 
marker genotype. Individuals with the highest 
probabilities of carrying the desired-trait allele 
were selected; these were of one or more geno-
types depending on their frequencies in the un-
selected population and the selected fraction. 
Marker genotypes were ranked according to the 
probability and the next genotype in rank was 
not selected until all animals with the higher 
scoring genotype were used. If several genotypes 
ranked the same, equal proportions of these 
genotypes were selected. 
From BC, onwards, the selected fraction pre-
dicted which genotypes were selected, which 
alleles were produced, how high genotype fre-
quencies were and which marker genotypes had 
the highest probability of having Ti in the next 
generation. The probabilities declined over gen-
erations and the ranking of the marker genotypes 
according to their probabilities of carrying the 
desired-trait allele did not necessarily stay the 
same. 
Three situations were studied: selection using 
a single diallelic marker, selection using a dial-
lelic marker bracket and selection using a trial-
lelic marker bracket. 
Single marker. The recombination rate r 
between the marker and the major gene was set 
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to 0. The allele frequencies for allele 1 were 09 
and 0.1 (and therefore 0•1 and 0.9 for allele 2) in  
the donor and recipient populations respec-
tively. Selection on probability was compared 
with selection in two steps: first, marker geno-
types were ordered according to marker het-
erozygosity (individuals heterozygous on a 
marker locus were selected in preference to 
homozygotes); and second, further ordering, 
based on probabilities, took place within bet-
erozygosity class. Van Heelsum et al. (1997) 
showed that by adding selection against marker 
homozygotes a somewhat better retention of the 
introgressed allele could be achieved. A back-
cross individual that is homozygous for the 
thought-to-be favourable marker allele will pro-
duce two types of gametes that cannot be distin-
guished: one type will contain the favourable 
Ti-allele but the other type will have the 
unfavourable T2-allele. Tracing the marker alle-
les to the correct base population will only be 
possible in individuals heterozygous for the 
marker. 
Marker bracket. When a marker bracket was 
used, selection was always on heterozygosity 
and probability. The major gene was placed 4 
centimorgans (cM) from marker A and 6 cM 
from marker B, giving recombination rates r 
and rB between major gene and marker A and B, 
respectively, of 0.0384 and 00565, assuming 
Haldane's mapping function. Starting frequen-
cies of marker allele 1 in donor and recipient 
populations respectively were 1.0/0.0 (com-
pletely informative markers), 0.9/0.1, 0-7/0-3, 
0•5/0.5 (completely uninformative markers), 
0.2/1.0 (comparable with Groen & Smith 1995) 
and 10/0.2 for both markers. 
Triallelic markers. Using triallelic markers the 
frequencies for Al, A2, A3, Bi, B2 and B3 were 
07, 0•2, 0.1, 0.1, 0•2 and 0•7 in the donor popu-
lation and 0.1, 0•3, 0.6, 0•6, 0.3 and 0.1 in the 
recipient population. Selection was on het-
erozygosity and probability. 
Results 
Single diallelic marker 
Figure 1, A & B, shows the percentage of animals 
with the desired-trait allele over five generations 
of backcrossing, where selection is on probabi-
lity of presence of the introgressed allele 
(Fig. 1A) or on heterozygosity as well as proba-
bility (Fig. iB), using a single diallelic marker, 
for selected fractions between 0.001 and 1.000. 
The striking features of Fig. 1A are the peak in 
the percentage of animals with the desired-trait 
allele, showing an optimum selected fraction of 
0.57 (in BC 5), and the steep drops for only small 
changes in selected fraction (for a selected frac-
tion just over 0•05 in BC, and 008 in BC5). Both 
graphs show horizontal lines for the most 
intense selection. 
These observations can be explained as fol-
lows. For one marker with two alleles three dif-
ferent marker genotypes occur: A1A1, A1A2 and 
A2A2, with frequencies in BC, of 005, 0.50 and 
0.45, respectively. The probability of the pres-
ence of the Ti-allele is always highest for A1A1 
individuals (in BC,) because they always have 
one Al-allele that comes from the crossbred par-
ent, whereas in heterozygotes there is always a 
chance that allele Al stems from the recipient 
parent. However, in later generations for high 
selection intensities, probabilities can some-
times be equal for A1A1 and A1A2 individuals. 
For all selected fractions smaller than 005 the 
same genotypes will be selected in each genera-
tion (A1A1 only in BC, BC, and BC 5 ; both 
A1AI and A1A2 in BC, and BC,), resulting in 
the horizontal lines (equal percentages of ani-
mals with the desired-trait allele) shown in both 
Fig. 1A and Fig. lB. 
Increasing the selected fraction above 0.05 
implies the selection of A1A2 individuals as 
well, which gives improved retention of the 
introgressed allele over more than two backcross 
generations, until all A1Ai and A1A2 individu-
als are selected. The optimum selected fraction 
of 057 over five backcross generations is some-
what higher than 0•55 (the frequency of A1A1 
and A1A2 in BC 1 ), because the frequencies have 
increased owing to selection, and will increase 
slightly more over further generations of back-
crossing. 
If selection is based also on heterozygosity 
the priority of the A1A1 and A1A2 genotypes is 
reversed and horizontal lines occur for selected 
fractions up to 050. A higher selected fraction 
means the additional selection of A1Ai indi-
viduals, which have a higher probability of hav-
ing Ti in BC1 than A1A2 individuals, resulting 
in a slightly better retention of the introgressed 
allele in BC 2 . However, A1A1 animals produce 
uninformative (indistinguishable) gametes, so 
the percentage of animals with Ti will halve 
from their offspring to grand offspring. 
Heterozygotes for the marker do produce distin-
guishable gametes, accounting for the better 
retention of Ti using selection on heterozy-
gosity, shown in Fig. lB. 
The drop in percentage of animals with the 
desired-trait allele for a selected fraction just over 
0.05 (BC4) and 0.08 (BC,), when selection is on 
probability only (Fig. la), is caused by the addi-
tion of another genotype to the selected group in 
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Fig. 1. Percentage of animals with the desired-trait allele, over five generations of 
backcrossing, for selected fractions between 0.001 and 1.000. Selection on the 
trait allele was carried out by using one diallelic marker with starting frequencies 
of alleles in donor and recipient populations of 09 and 0.1, and 0.1 and 0.9, 
respectively.- There was assumed to be no recombination between marker and 
major gene. A: selection on probability of presence of the desired trait allele. 
B: selection on heterozygosity on the marker locus (starting in the first backcross 
generation) and probability of presence of the desired-trait allele. 
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the great-grandparent generation, which alters 
the probabilities in the grandparent generation. 
For example, when in BC, apart from A1A1 
individuals (with the highest probability), a very 
small fraction of A1A2 individuals is also 
selected, A1A1 and A1A2 individuals in BC2 no 
longer have equal probabilities. A1A1 individu-
als score slightly higher, so only they will be 
selected instead of equal fractions of both geno-
types (and A1A2 has a much higher frequency 
in the unselected population). This results in 
uninformative offspring (BC3), and the percent-
age of animals with the desired-trait allele.will 
halve in the grand offspring (BC4 ) instead of 
dropping slightly. 
Diallelic marker bracket 
Using a marker bracket rather than a single 
marker further increases the effectiveness of the 
introgression programme. The percentage of 
individuals with the desired trait allele in BC5 
for six different starting frequencies and selec-
tion on heterozygosity and probability is shown 
in Fig. 2. Fully informative markers (1.0/0.0) 
give a retention of almost 50%, as long as only 
doubly heterozygous individuals are selected. 
For starting frequencies of 0.9/0.1 the decline 
starts at a lower selected fraction and even with 
intense selection only 45% of the individuals 
still possess the valuable trait allele in BC5 . 
Completely uninformative markers (0.5/0.5) 
always give the same low result, whatever the 
selected fraction. Having marker alleles unique 
to the donor population (0.2/1.0, so alleles A2 
and B2 only occur in the donor with frequencies 
of 0.8) gives a result equal to that of fully infor-
mative markers (for selected fractions smaller 
than 0.4). Conversely, for starting frequencies of 
1.0 and 02, results are much poorer. 
Two markers with three alleles per marker 
Figure 3 shows the results of using two triallelic 
markers for selection on heterozygosity on the 
marker loci and probability of presence of the 
desired-trait allele. Figure 3 shows an improve-
ment over diallelic markers of about 1% at BC51  
although heterozygosity in the F 1 is comparable 
with that of diallelic markers (81% for two alleles, 
82% for three alleles; the same for both markers). 
In Fig. 3 the horizontal stretch for the most 
intense selection is a lot shorter than in Fig. 2 
(starting frequencies 0.9/0.1) or Fig. lb because 
the frequency of the genotype with the highest 
probability is much lower (as there are many 
more different genotypes present). Selection 
seems very effective: for some selected fractions 
there is even an improvement of the retention of 
the desired trait allele over generations (lines 
cross over). The point where the line makes a 
sharp downwards turn shifts to the right over 
generations, reflecting an increasing number of 
doubly heterozygous marker genotypes with 
high probability. The number of double het-
erozygotes with low probability decreases 
because the next sharp turning point (upwards 
this time) shifts to the left over generations. This 
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Fig. 2. Percentage of animals with the desired-trait allele in backcross generation 
five for selected fractions between 0.001 and 1.000. Selection on the trait allele 
was carried out by using two diallelic markers on 4 and 6 cM from the major gene. 
Starting frequencies of allele 1 for both markers, in donor and recipient 
populations, respectively, were 10/0.0, 09/0.1, 0.7/0.3, 0•510•5, 02/10 and 
10/0.2. Selection was on heterozygosity on the marker loci (starting in the first 
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point marks the start of adding single heterozy-
gotes (first with very high probability) to the 
selected group. The high probabilities make the 
line climb again, before it drops owing to addi-
tion of genotypes with (very) low probabilities. In 
BC2 there is a slight revival for a selected fraction 
just over 088. At that point addition of doubly 
homozygous marker genotypes starts, beginning 
with A1A1B3B3, which has the very highest 
probability of all marker genotypes in BC, 
Discussion 
If marker alleles are not unique to the alternative 
base populations, the source of alleles in cross-
bred individuals cannot always be identified. 
One can think of two ways to deal with this 
problem. First, by making full use of the limited 
information available, retention of the intro-
gressed trait allele can be improved compared 
with using the markers as if they were fully 
informative. In this study we propose the 'prob-
ability approach' to do this. Second, marker alle-
les can be made unique to the base populations 
by selection. This approach will be discussed 
below. Presumably, retention of the introgressed 
trait allele is essential for an introgression pro-
gramme because the reason for such a pro-
gramme would be to fix the allele of great impor- 
tance in the newly formed synthetic population. 
This allele might not have a clear, additive eco-
nomic value, but might give the synthetic a 
unique trait that fills a niche in the market, or 
might make a difference between life and death 
of an individual (e.g. disease-resistance genes). 
Therefore, eventually one would like to end up 
with individuals not just carrying the desired-
trait allele, but being homozygous for that allele. 
The probability approach, combined with 
selection against homozygotes, was shown to be a 
fairly efficient method for retaining the desired-
trait allele over several generations of backcross-
ing, particularly if a marker bracket was used that 
consisted of multiallelic markers. Achieving 50% 
of the animals with the introgressed allele over 
several generations of backcrossing is not pos-
sible because of recombination. 
Retention of the introgressed allele could be 
further improved by using fewer generations of 
backcrossing than the five generations used 
here, but the recovery of the background geno-
type would be lower (a problem ignored in this 
study). According to Hospital et al. (1992), usu-
ally at least four generations of backcrossing 
would be required to recover the background 
genotype with use of markers. Van Heelsum et 
al. (1997) showed that selection on background 
genotype can severely impede the retention of 
the desired trait allele. Although, for the same 
starting frequencies, the results in this study are 
better than any of the results in the earlier paper, 
this is by no means a guarantee that the severe 
loss of the introgressed allele after the first gen-
eration (with added selection on background 
genotype on the same chromosome) will not 
occur. 
If the same selected fractions are considered, 
results from Van Heelsum et al. (1997), for opti-
mal selected fractions, are almost identical to 
the results of this study. In the simplest case 
(using a single, diallelic marker) small differ-
ences are caused by the slight variations in 
selected fraction (0.55 in BC 1 and 059 in later 
generations in the work of Van Heelsum et al. 
(1997); 0.57 in this study) and a difference in 
recombination rate (00099 in the work of Van 
Heelsum et al. (1997); 0 in this study). 
Heterozygosity/probability selection gives 
always better results when the selected fraction 
is decreased, whereas Van Heelsum et al. (1997) 
found that more intense selection implied ran-
dom selection within the group of animals with 
one or two copies of the marker allele. This will 
not improve results and is potentially risky 
because, by chance, one might select only 
homozygotes and lose the introgressed allele 
more quickly than expected. 
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Fig. 3. Percentage of animals with the desired-trait allele, over five generations of 
backcrossing, for selected fractions between 0.001 and 1.000. Selection on the 
trait allele was carried out by using two triallelic markers on 4 and 6 cM from the 
major gene. Starting frequencies of alleles of marker A were 07, 02, 01 and 0.1, 
03, 0.6; of marker B they were 0.1, 0.2, 0•7 and 06, 03, 01 in donor and recipient 
populations, respectively. Selection was on heterozygosity on the marker loci 
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Triallelic markers give a better retention of the 
introgressed allele than diallelic markers 
because triallelic markers allow for a greater 
number of different genotypes, which enables 
more discrimination between individuals. More 
markers will not necessarily give better reten-
tion, because a marker outside a marker bracket 
(with the introgressed gene known to be within 
the marker bracket) does not add any informa-
tion about the introgressed gene. An increased 
number of markers could be useful for decreas-
ing the length of the donor genome around a 
QTL (Hospital et a]. 1992), or when the exact 
position of the QTL is not known (Visscher et a]. 
1996). More markers could also be useful if 
informativeness is not required of all markers; 
e.g. if the closest marker is not informative but 
the next marker is, then this one can be used for 
selection. This might be particularly useful if 
allele frequencies are similar in the alternative 
base populations, and when numbers of animals 
are severely limiting. 
The other way to deal with non-unique mark-
ers was preselection of parents on uniqueness of 
marker alleles. This will be most effective when 
carried out in the base populations, so individu-
als selected from the first population have no 
alleles in common with individuals selected 
from the second population. For diallelic mark- 
ers the starting frequencies are then, effectively, 
1.0/0.0. Preselecting donor individuals might 
not always be possible because the individuals 
are no longer available. The next best solution 
might be to preselect F 1 individuals on het-
erozygosity (although F 1 animals would nor-
mally not be typed because all are known to 
have one copy of the desired major-gene allele), 
and/or to preselect only recipient individuals on 
unique alleles. 
Selecting recipient (or donor) animals on 
marker genotype might not be desirable because 
it can severely restrict the number of available 
individuals. Even if sufficient animals were 
available, selection on background genotype 
will be less intense, so the crossbred population 
will lag even more behind the selected recipient 
nucleus for traits not influenced by the intro-
gressed allele (Gama et a]. 1992). 
However, the effect on numbers available can 
be restricted by pairing-up parents in a manner 
that excludes common marker alleles, rather 
than the whole population not having any alle-
les in common. For a diallelic marker this would 
mean that both mates need to be homozygous for 
the alternative alleles to give only informative 
offspring; if one of the parents is heterozygous, 
50% of the offspring will be homozygous and 
thus uninformative. If populations have to be 
unique, and, for example, a single diallelic 
marker is used for which allele 1 has starting fre-
quencies of 0.9 and 0•1 in the donor and recipi-
ent population, respectively, 81% of the indi-
viduals of both populations could be used (if 
100% -informative offspring is required); 99% 
and 81% of the respective populations could be 
used if the result of 91% informative (heterozy-
gous) offspring is sufficient. If only pairs have to 
be unique, 82% of both populations could be 
used. The difference is much greater if starting 
frequencies are 0.5/0.5: only 25% of both popu-
lations could be used for 100% informative off-
spring when populations need to be unique, 
against 50% of both populations when unique-
ness is only required within mating pairs. 
When the number of markers that need to be 
unique increases, numbers will be more limit-
ing. On the other hand, if only informativeness 
is required from one of the available markers, 
and the pairing up is carried out carefully, it will 
nearly always be possible to produce a high per-
centage of informative offspring. 
More alleles per marker will widen the choice 
for selection only on pair level. Rohrer et a]. 
(1994) report that microsatellite markers in pigs 
have, on average, 58 alleles, so a problem with 
finding a suitable mate might not easily occur in 
a practical situation. They also give values for 
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the average heterozygosity levels for microsatel-
lite markers in several crosses between pig 
breeds. For a cross between White Composite 
boars and Chinese sows they report an average 
heterozygosity of 81•4%, which is close to the 
values assumed in this study. 
If preselection of (base) parents is not possi-
ble or less desirable, the probability approach 
seems to offer a good alternative. Although the 
retention of the desired trait allele is good if 
selection is purely on the introgressed allele, 
the reliability has not been proven for applica-
tion in combination with selection on back-
ground genotype. It is not straightforward to 
calculate the probabilities for larger, and with 
that more diverse, genotypes by using the cur-
rent method, but this could be subject of fur-
ther study. Additionally, it would be interest-
ing to look at an introgressed gene that has a 
known, quantifiable effect, rather than a major 
gene with a practically infinite value. In combi-
nation with the background genotype, one 
could determine the size of the major gene 
effect needed to make an introgression pro-
gramme feasible, and to enable a comparison 
between introgression and other breeding 
schemes. 
The backcrossing phase of an introgression 
programme would normally be followed by an 
intercrossing phase, which is not investigated in 
this study. The aim of the intercrossing phase is 
to fix the introgressed allele in the synthetic pop-
ulation, therefore producing animals homozy-
gous for the desired allele. Groen & Smith (1995) 
found that with a marker allele unique to the 
donor population and selection on genomic sim-
ilarity, 100% of the animals in the second inter-
cross generation had at least one copy of the 
desired-trait allele. Although the informative-
ness of the markers they used will be reduced by 
recombination, identification of homozygotes for 
the desired trait allele was good enough to 
quickly fix the desired allele in the synthetic 
population. Presumably, in this study, the prob-
lems in identifying the desired trait allele occur-
ring in the backcrossing phase, when there is no 
marker allele unique to the donor population, 
will be extended to the intercrossing phase. The 
unreliable identification of the trait alleles also 
affects the distinction between homozygotes and 
heterozygotes for the trait allele, making com-
plete fixation more difficult. 
A point of further research could be the poten-
tial use of phenotypic information, gathered in 
the process of backcrossing. Although pheno- 
typic information has a number of disadvan-
tages compared with marker information (often 
only available later in life, sex dependent, influ-
enced by environment, etc.), it could be used to 
update the estimates of major gene size and 
position in order to make selection on the major 
gene, by using markers, more effective in follow-
ing generations. 
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